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ABSTRACT 


An experimental investigation of the reaction between HS and 
SO, was conducted over a Y-alumina catalyst (Alon) in a stainless steel 
recycle reactor. The steady-state conversions as a function of 
temperature and space velocity were measured “in situ" using infrared 
spectroscopy. A total of 118 experiments at 6 different temperatures 
between 200 and 323°C and at varying partial pressures of HoS> S0, and 
Ho0 were performed to provide kinetic data. By introducing only the 
reaction products over the catalyst and by the subsequent failure to 
detect either reactants, the reverse reaction was found to be negligi- 
ble under the experimental conditions adopted. Water exerted a 
retarding effect on the reaction rate as indicated by the decrease in 
the reaction conversion with increased amounts of water in the feed 
stream. 

Infrared spectroscopic results indicated that both Hos and 50, 
adsorbed on the Lewis-acid sites of the catalyst. Above 100°C, the 
spectral bands representing the adsorbed HS and S0, were undetectable. 
Adsorption models for Hos and SO, On Y-alumina were proposed based 
upon this evidence and lattice and atomic dimensions. It was also 
observed that a finite amount of oxygen on the catalyst (whose state is 
still unknown) was capable of oxidizing Hos or CS, to sulfur at room 
temperature. This oxidizing capability could be removed by pretreating 
the catalyst with Ho. Although the oxide-ion sites of the catalyst are 
not believed to be directly involved as adsorption sites for either HS 


or SO,;,; their presence was found to be vital for catalyzing the HS/S0. 
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reaction. Possible catalyst poisoning from sulfate formation on the 
catalyst surface has also been investigated. No sulfate formation 
could be detected by contacting SO, with the catalyst. The presence 


of 503 or 0, together with SO was necessary for the formation 


9° 
of sulfate. The analysis of a catalyst wafer which was exposed for a 
period of experimental conditions longer than any wafer employed in 
the kinetic runs failed to reveal the presence of sulfate. 

These observations on the surface chemistry of the catalyst 
and the nature of the reaction were used to construct various reaction 
mechanisms and their corresponding kinetic models. The statistical 
model discrimination method developed by Singh [130] was employed to 


select the kinetic model which best correlated the measured reaction 


rates. The best rate function was found to be in the form 


Lie 


(=P) = Bag exP(-Eqq/RT) Py ig Pog / 
2 2 2 
2 Np ex 
Pe bog exp(-E,5/RT) P04 P 
where, 
b Tyee 37 Oe 
10 
Sy ronan Coens 
, a; 
Beaviee © Gl isiy amie) e160 
Eogyp = 3158 + 1049 


The model on which the rate function is based is in near agreement with 
an earlier model proposed from McGregor's [84] studies using a bauxite 


catalyst and or different experimental reaction. 
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CHAPTER I 
INTRODUCTION 
1.1 Background 
The involvement of the University of Alberta in the investi- 


gation of the kinetics of the Claus reaction, 


coset (OU = 2H,0 a8 


3 
Z ae x 


S. cee) 


started in 1964. The investigation originated as a result of extensive 
use of the Claus process to convert HS removed from sour natural gas 
into elemental sulfur. 

In the first study at Alberta, Cormode [26] employed Porocel 
(bauxite) catalyst in a differential flow reactor and used wet chemical 
Sais to determine reaction conversions. McGregor [84] continued 
Cormode's work using the same catalyst with a stainless steel recycle 
differential reactor and gas chromatographic analysis. He carried out 
80 experimented runs, covering four different reaction temperatures 
from 481 to 560 °K. Dalla Lana et al. [29] re-examined McGregor's 
kinetic data and by using the statistical model discrimination method 
developed by Singh [130], concluded that the following equation 


provided the best fit to the rate data 


1/2 


(ren) = (1.56 x 10°") exp, 2 4 _ 
2 RT’ 1+ 0.00423 P 


P P 
HS SO 


Kie2) 
HA0 
By statistical inference, they concluded that water exerted a retarding 


effect on the reaction rate. Karren [64] continued McGregor's work with 


~Freaynt snd: nr" ssadith +0! ai ete ae) Fite mov" 1 wnt ae 
* iWofia6ey aust oi Taiwan 


/ ; c ia mai: 

(FO) A fi “ ‘ys oe E “a 
al ape 4 

s¥tensixe To dues 5 ap, b® ina nok tapt taauni ‘est “abl n 


eap fssen Woe moN?T bavonsy n SNBVNOS tia “al 
sul tue ese 

fean%e? bhevotanea £dS] sboarioo astoaia re bute seat ai ca 
hsptmesio. Jew ba2v BAB 405985) wert foitweray hit a, we ‘daiedea 
bountanes EAB] sogerooN hoteravitoa nots gesy Sane 
i: ayo" lease peslabete ‘6 thiw Fey B69) ft aa pia how a's 
$b0b9TYYS9 SH cenelions OT iqenpadsnonra a bad eon | or. tom 
zowtersaed no} 3684) mnasart ih Woh ent rvos att baci 
2!xoReM bad tite xa-3 Tes] sie fa pred ofind. A” Gee “a (a 


| Hon taet ng} senimtioe tb fabon [epitetiade/ edt epteu yd bis sae ‘i i 


‘ay 
0 


Aoteyns priwol tat ai +64 behiitands [RET] Hente oc age 
i 
pheb aiey ons Gt $t4 baad sin aot 


a 


at a 


ue" Batt ie is 
pA set 6 ae x9 “OT x de. i 5 ate), 4; - 
(2d) 4 “€8b00,0 +f M59 TH " r } ‘oe! i Val 


Og 


ce. 
-potbrsye7 bs -betiake (946w steitd bobytanda yrs . apn stink Isorretaate 


asin anew 2 “sonsiioaN baunttnos Ln] Novis -.St61. nol 25589 4i3 fo a0Me 
5 : : a so 


ey 


the same experimental equipment and catalyst. Using the kinetic data 
from his 50 experimental runs, he could not obtain a good correlation 
to McGregor's expirical models. Upon further examination, he found 
that the molten sulfur collected in his sulfur condenser catalyzed the 
reaction between Hos and S0,. Hence, he suggested that since further 
reaction could occur in the product stream before analysis therefore, 
McGregor's measured rate data might not be accurate. Chuang [22] 


confirmed Karren's observation by bubbling a mixture of H.S and 50, 


2 
into molten sulfur with resulting reaction conversion. 
Other published work related to the reaction between Hos and 
SO, and not performed at the University of Alberta are described in 
Chapter II. Much remains unknown about the nature of the reaction and 
the role played by the catalyst. The mechanism of the reaction remains 
uncertain and a more detailed study of the catalytic reaction of HoS 


with SO, is certainty justified. 


2 
1.2 Objectives of This Work 

Due to Karren [64] and Chuang's [22] observations that molten 
sulfur catalyzed the reaction between Hos and SO,» a specially 
designed reactor which allowed the reaction rate measurements to be 
obtained "in situ" during the reaction by infrared spectrophotometry, 
was employed in this work. A different Y-alumina catalyst was used 
because the wafer prepared from this material, Alon, provided better 
transparency to the infrared beam than those used by earlier research- 
ers at the University of Alberta. 
Infrared spectroscopy has proven useful in determining 


the structures of molecules. Its application to the study of surface 
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chemistry has provided one of the direct means of deducing the nature 
of adsorbed species and indirectly, the involvement of certain sites 
on the catalyst. By obtaining evidence about the nature of reaction 
intermediates, a realistic mechanism may then be constructed. Many 

of the advantages offered by the use of various infrared spectros- 
copic techniques have been exploited in this work. The main objective 
of the present work is to obtain a better understanding of the 
mechanism of the Claus reaction. Consequently the number of kinetic 
models to be proposed and then tested could be reduced, thus avoiding 
much unnecessary work. The statistical model discrimination 
techniques developed by Singh [130] provides a basis for discrimination 
between selected kinetic models and then, ultimately, for the deter- 


mination of the parameters for the best model(s). 
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CHAPTER II 
LITERATURE SURVEY 


2.1 Methods of Recovering Sulfur from H2S-Containing Gases 
According to some published surveys [2,107], about 60% of 


the total world sulfur production comes from H»S-containing gases. 
Numerous industrial processes are available for recovering elemental 
sulfur from HoS. The contemporary processes may be classified into 
two main categories, dry-bed and wet-bed processes. Many 
comprehensive reviews on this subject have been published [7,19,41, 


47,54,60,107,108,132,143]. 


2.1.1 Wet-Bed Processes 

Under this category, the processes involve bubbling a gas 
stream consisting mainly of H2S/SO2 or H2S/air into a liquid medium 
containing either dissolved or suspended catalysts. By using 
different liquid media, catalysts or process parameters, various 
industrial processes have been developed. These may be further 
classified into "liquid media absorption - direct conversion" and 


"liquid media absorption - air oxidation" processes. 


2.1.1.1 Liquid Media Absorption - Direct Conversion 
As implied by the title, the gaseous HaS and SO? are first 


absorbed in a liquid medium and then reacted to form sulfur and water. 
The more common processes in this group include: 
1) Lacy-Keller process 


2) ASR Sulfoxide process 
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3) Townsend process 

4) IFP process 

5) Bumines Citrate process 

The nature of the liquid medium in process (1) was not 

revealed. An aqueous sulfoxide solution is used in process (2) and 
according to the inventor, sulfoxide is the catalyst. In contrast with 
process (2), the water in an aqueous solution of triethylene glycol 
acts as a catalyst in the Townsend process. In the IFP process, more 
than one liquid medium and soluble catalysts were used. The liquid 
media are mainly polyalkylene, alkylene glycol, glycol ether, glycol 
ester or glycol ether-ester. The soluble catalysts are either a Group 
IA or IIA carboxylate derived from acyclic monocarboxylic or 
polycarboxylic acids. The preferred salts are potassium benzoate, 
potassium salicylate, sodium nicotinate, potassium nicotinate, sodium 
Cinnamate and potassium fursate. In the B8umines Citrate process, an 
intermediate citrate complex is formed between SO» and citrate solution. 
This complex then reacts with absorbed H»S to form elemental sulfur and 


water. 


2.1.1.2 Liquid Media Absorption - Air Oxidation 


This group differs from the preceeding one in that air 
replaces SO. in the oxidation process. The processes in this group are: 
1) Thylox process 
2) Perox process 
3) Ferrox process 
4) Giammarco-Vetrocoke process 


5) Holmes-Stretford process 
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These processes all involve a redox reaction between air 
and HoS in an aqueous medium containing inorganic salt and organic 
additives. In the Thylox process, H9S is absorbed as thioarsenate in 
an aqueous solution containing arscdte. sree te potassium carbonate 
or sodium arsenate. The thioarsenate then reacts with air to produce 
Sulfur and water. The Giammarco-Vetrocoke process is quite similar 
except potassium arsenite instead of arsenate is used. In the Perox 
process, aqueous ammonia in hydroquinone acts as a catalyst. The 
solution oxidation of H2S in Holmes-Stretford process involves the 
absorption of HaS as bisulfide in aqueous sodium carbonate solution 
and with vanadate and anthraquinone disulfonic acid as oxygen 
carriers (The Japanese Takahox process used napthaquinone instead of 
anthraquinone). In the Ferrox process, a suspension of iron oxide in 
aqueous dilute solution of sodium carbonate is used. 

The main disadvantages of the wet-bed processes are that 
the reaction does not proceed sufficiently rapidly and completely and 
sulfur is formed in a finely dispersed manner. Separation of this 
sulfur from the liquid medium is difficult and usually incomplete. 
The advantage is that the reaction can be carried out at a relatively 
low temperature. Equipment cost is also generally lower than that of 


the dry-bed processes. 


2.1.2 Dry-Bed Processes 


In all dry-bed processes to be discussed here, solid 
catalysts are used. In the "dry-bed adsorption catalytic" process, 


either low concentration of H2S or S02 is removed from the tail gas 
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by adsorption and then the adsorbate is subsequently reacted with the 
other reactant (S05 or H9S). These processes are mostly used for 
cleanup of the tail gas rather than as a means of producing sulfur. 

The “dry-bed conversion" processes are those involving the simultaneous 


introduction of the H2S and SO? over a solid catalyst for reaction. 


2.1.2.1 Dry-Bed Adsorption - Catalytic Conversion 


In the Westvaco or Shell process, activated carbon or molecu- 
lar sieves are used to adsorb S0, and then the adsorbents catalyze the 
reaction between the adsorbate and Hos. In the Haines process, 


zeolite is the adsorbent-catalyst while H2S is adsorbate-reactant. 


Zele2.c, Ory-Bed Catalytic«Conversion 


Catalysts used in the processes of this group are mostly 
activated carbon, metal sulfide (Pilgrim), or alumina-based types 
(zeolite, bauxite, etc.). The names of the various processes used in 
this group are either too numerous or too ambiguous to merit further 
clarification. In some cases, a slight change in process parameters 
or equipment has generated another name. In most cases, the common 
name is still "modified Claus process" although names like Sulfreen 
process or Amoco CBA process are used to describe the same process 
but carried out under lower reactor temperature. Generally, reaction 
between gaseous H2S and S09 takes place over the solid catalyst to 
form elemental sulfur and water. To ensure as close to 100% 
conversion as possible, the unconverted reactants are fed into 


further staged reactors after the removal of the sulfur by condensation. 
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The Dry-Bed Catalytic Conversion process is by far the most 
commonly applied method in North America for recovery of elemental 
sulfur from H2S. Of the various catalysts, the.one most commonly 
used is either bauxite or activated alumina. In the six years, 1971 
to 1976, numerous "modified" catalysts have been made by impregnation 
of various inorganic salts into alumina, and claims have been made 
that the "new" catalysts are catalytically more active than activated 


alumina [19]. 


2.2 Review of Heterogeneous Catalytic Reactions of H9S and S02 


2.2.1 General Review 

In 1887, the Chance brothers [18] commercialized a reaction 
called the Claus reaction which involved the reaction between H9S and 
air over a bed of powdered catalyst at a temperature around 260°C. 
This reaction was named Claus reaction because of a patent issued to 
C. F. Claus in 1883 for his invention of a process to recover sulfur 
from calcium sulfides [25]. Claus treated CaS with carbonic acid to 
produce H2S which then reacted with air to produce sulfur. 

After the commercial application by the Chance brothers, 
it was generally discovered that the reactor temperature of this 
original Claus process was extremely difficult to control [108]. A 
Significant advance in the art was made by I. G. Farbenindustrie in 
Germany in 1937 [3]. A process involving the burning of 1/3 of the 


HoS with air to S02 which then reacts with the remaining 2/3 of the 
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H2S was invented. A patent on this process was issued to Baehr and 
Mengdeh] in 1937 [3] and to Barkholt in 1939 [5]. Hence in the reactor, 


the following reaction took place over a solid catalyst. 
2H2S + S02 = 2H20 + = Sy (2.1) 


Since then, studies of the H9S/S0? reaction have gradually been 
gaining momentum. In fact, Reaction (2.1) has sometimes been 
(incorrectly) called the Claus reaction or the modified Claus reaction. 
The actual Claus reaction has been discussed in the previous page. 
Pilgrim and Ingraham [108] provided a detailed description 
of the history from the Claus invention to the studies on H»oS/S02 
reaction in 1970. Chandler [19] added to the literature survey of 
these subjects to cover the period from 1970 to 1975. Most of the 
published works covered by these reviewers dealt with the practical 
industrial problems. Little was known about the mechanism 
of the reaction and the interactions between the adsorbates and the 
solid catalysts. Among some publications on these topics, 
disagreement is evident. It is the intention in the present work to 
explore and hopefully clarify some of these uncertainties. Particular 
attention was given to the understanding of the kinetics and 
mechanism of the reaction. The examination of surface reaction 
occurring on the catalyst surface was also attempted with the hope 
that this might help reveal some portion of the reaction mechanism. 
A literature survey on the studies of the kinetics and mechanism of 


HaS/SO reaction will be described next. 
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2.2.2 Mechanistic Studies 

The literature appears to be generally scanty with regard to 
mechanistic studies on the reaction between HS and S0., especially 
with y-alumina as the catalyst. A few proposed mechanisms have been 
published, but none of the authors derived rate equations from the 
proposed mechanisms. 

Murthy and Rao [91] studied the reaction between H»S and S0» 
over cobalt thiomolybdate, cobalt sulfide, silver sulfide and 


molybdenum sulfide and proposed the following mechanism. 


H»S 1 S05 = H5S505 


H5So05 = H»5SO + SO 

(2ise) 
H»SO = H»50 + tS 
SOer H>5S Ga H»50 F925 


The authors did not explain whether these reaction steps were 
reversible or not. They also did not specify whether this mechanism 
was applicable to all or only a particular one of the catalysts used. 
During their experimental runs, sulfur was permitted to condense on 
the catalyst surface. They considered the first step of their proposed 
mechanism to be rate-controlling but did not verify this 
assumption. 

Hammars [55] suggested the following mechanism, which involves 
the dissociation of H2S into H’ and SH” for the reaction between H»S 
and SO» over cobalt-molybdenum-alumina, 


Hes SH 
(2.3) 
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or 


iid nan eno tau oh pevirat svodtus. ort 0 ‘anos om ke 


eriei nsdn 
eOe brie: 2gh qaawisd : noftaaes git betbyte [te] det brs ydsewM iva 


bad abreniz asytha! ‘Shr T Ive eel enmpeer vil 
.natriortgem onto Tia ant beaoqotg bre ob tiien 


sOgtcgh = qei + gH | 
G2 OHA. Meteo 7 
2 40H OH. Wh ; 
2s: gah! 2a Oe) «ia 


if 


t 


as 2G5se nor posoy e2as bab aah nhl axs: Sdn bib 2 1306 

ine vk ohne asivenw ertdage’ Jon ‘bib ozfe yanT 20 70) state 7 
beau 23aythTed sith 70 Sno yehdort tea 6 Vino 40 rhe’ od sfdsatte 

No genshiod oF batPHisd 2pW: ute e200) fad dank ssiyke ie 
baraqorg sheet to géte 22177 ons nstabre anoo vont .soetiwe ‘sevtaiga 
ati vhitav soi wep! ind’ ? piv FFerngnap ats ai: “ag: wath 
Tilers 

zeviovat ddivly. amehnenoan sph o} ailt/ Baseepdde cor ae gs 
2-H nsswited notions “Ha “ot whe BBs te 4) Oust 2uH' to Nat eeteeaee a 
aol smite digh Ga: Msdoa Vevo We - 


“we + 7H eau 


HO Oe «2H wet eae 


The reaction may then proceed by one of the following routes: 


OH 
(i) HS - SO - OH +H" + SH’ = HS ° S$ + SH & 3S + 2Ho0 (2.4) 
OH 
vg OH S00 OH 
(GAPOWIS AE1SO ANOHDESHN SrsHnie= tus tits: Fron GaecHS. a6Suzign- asa - OH 
OH 0H 
us OH 0H OH 
Sea WT Steels naked SR eal (2.5) 
0) :; 
0H 0H OH 


Water is then split off from each of the intermediates in route (ii) at 


different rates and the sulfur formed will be distributed into various 
molecular species (S9, Sg, Sg, etc.) according to some probability 
function. The author did not explain the form of probability function 
nor did he suggest whether the function is dependent on temperature or 
other experimental parameters. His mechanism suggests that a 
distribution of polymeric hydro-sulfur species with various chain 
length exist on the catalyst surface during the reaction. 

Several earlier researchers [32, 96] believed polythionic 
acid to be formed as an intermediate in the reaction between H9S and 
S09, particularly when the reaction occurs in liquid water. They did 
not describe in detail the formation of polythionic acid nor the 
reaction steps. Zil'berman [150] proposed the following mechanism in 
which sulfurous acid is first produced from SO, and H20 and then this 
further reacts with H2S to give dihydrogen sulfoxide, which eventually 


decomposes to produce elemental sulfur and water. 
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HO + SO» — H»S03 
H»S03 te 2HoS = 3HSOH (2.6) 
3HSOH = 3H,0. +.3S 


These mechanisms, which involve the formation of polythioric acid or 
sulfurous acid, are based on the reaction in aqueous solution and 
therefore should not necessarily be considered to be applicable to 
systems involving solid catalysts. 

George [43,44] investigated the reaction between H»S and SO. 
on a number of solid catalysts, namely, Chromosorb-A, cobalt-molybdate 
on y-Al503, porous alumina, activated alumina, Porasil and bauxite. He 


proposed the following ionic mechanism: 
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The symbol B: indicates some type of basic site on the catalyst. 
According to this author, basic sites were considered to be the only 
important sites for the reaction. The above proposed mechanism is not 
complete in at least two aspects. First it is stoichiometrically 
incomplete and second, no water is formed in the steps shown. If the 
reaction proceeds with this mechanism, the catalyst surface will 
become "saturated" with HO” and BH” groups. The author did not 
include the step where water is formed from HO and BH’. According 
to the author, HaS first reacts with the basic sites (probably oxide 
ion sites) and dissociated into HS and BH’. Gaseous SO» then reacts 
with HS to continue the other reaction steps. He did not specify 
whether H2S had to be adsorbed in order to react with the basic sites 
He also did not explain the form of HS and other intermediates. 
Finally, the proposed mechanism suggested that all of the sulfur 
Speices produced from the catalyst surface originate in the S3 form. 
If sulfur may exist in more than one form (e.g. So, Sg, Sg, etc.), 
these other species must then be produced from S3 presumably in the 
vapor phase. 

Other published works which briefly mentioned the reaction 
mechanism between H2S and SO? include those by McGregor [84] and 
Deo et al. [34]. Both suggested that the reaction might involve 
hydrogen-bonding between both reactants and the surface hydroxy] 
groups of alumina. 

From the available published work, especially with 
Y-alumina, and the great difference in the published proposed 


mechanisms, much still remains unknown regarding the mechanism of 
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reaction between HS and S09. Little attempt has been devoted to 
develop rate equations from the proposed mechanisms. Many used 


empirical equations to fit the measured rate data. 


2.2.3 Kinetic Studies 

Although the reaction between HoS and SO> has been applied 
industrially for about a hundred years, the kinetic models for this 
reaction are still far from conclusive. Little or no agreement 
exists between any two published kinetic studies. Such a situation 
may be attributed to the uncertainties in this field and also perhaps 
to the fact that the reaction is more complicated than may be 
expressed by the simple stoichiometric equation. 

According to many researchers [21,43,44,64,84,124], the 
reaction between H9S and SO? does not proceed homogeneously unless 
heated to a very high temperature (above 600°C) where decomposition 
accurs. The effect of condensed water on the reaction has also been 
studied [16,64,72,84,118,126,142] and all published results indicate 
that the condensed water catalyzes the reaction. Karren [64], 

Chuang [22] and Butler [16] observed that liquid sulfur also 
catalyzes the reaction. Murthy and Rao [67] found that water 
exhibited an auto-catalytic effect on silver sulfide catalyst. 

Landau and Molyneux [72] detected an increase in catalytic activity 
of bauxite catalyst with decrease in particle size and concluded that 
the reaction between H9S and S09 was a diffusion-controlled process. 


However, during their experimental runs, the effect of reactor space 


high Pen es Ie er Id Gal 
; ae ; ' a a _ : 7 

| : a i q : : ‘ 5 - i} a Sls = ; a _ a - 

avs 9 


of, boss pad asi font orsih, Tod is 


been ete «amie tnBitons bse qo 
ed's ais panes’ a ot enna 


pat'Taqe 9 aon ole bi, eel! naewted mor toes ent dosnt i: | 
etna so¥ zfabom ohabaP otis 2 yea Jporbriun a fiuods yor Viral a 
SremaSIE5 a va atitt) . ay Few fone son “a iit 7 
ngrssuti2 é Hoe egthade, ahr ant badet Tang one uns f vat 2 
-eqjaritec o2ts bis bistt eds at ag hinted nef ead on ete: 
add sar nent varuarinens aN a “forgo B8" add dh? sa mn 
onl Hota ups si ndeiorriotote atginie Sit wa ts 
ait’ [AST ps. ho, BR, obs FS). 29th oyese8y ep 62° pnb ale | 
aeor nu ¢f awosnsootion basso Jon zeob sf bis 2H asaya 
MOTs F2OqmEDaD ang «2°00 rc) siudersater iit yisv' Ss a 
aad oes eat MOF 3369" at nO 4080, beeidbrios tor soeres git" yee 
. seeothit eanee parle hig [TB brie ‘PSAs oS! BIT ABySV.b3, 017m iby 
[84 nS} tea nok s3eet aad 2951 b)52! satin bsenebno> ane il : 
ep smite ‘wiuREY ‘Was hiv 1970 par er suh bre rss} p 
voten enlt, bawoy {sel on AS yddutt not so6e9, ada sasula 
deyleitso abit hug yovite no: saatts arrest tip b oll 1 
\itwitas oisy leds a bessrait ie, batsadah (Sv] ‘dices ' *y 
tad bobulanbo bia sate shoteyny wt “Szeayoeh Ait teen an ECS 
.22scave Bol Tondnaoso 218% 6 26. <02 Hii eg oaswded liad ok 


39682 yotoeen, Yo paar ait envy (atoantveuxs irsdt paiwh. Sail 


** . 
_ m0 ia 7 aT 
r a4 7 fa a} * otipn 
Tears & 56 ae te ay 


15 


velocity was not related to the catalyst particle size and therefore 
their result cannot conclusively indicate whether it was film or 
pore diffusion which was controlling the reaction rate. 

The earliest empirical rate equation on the reaction 
between HaS and SO> was published in 1927 by Taylor and Wesley [138]. 
They studied the kinetics over Pyrex glass at temperatures ranging 
from 370°C to 730°C in an integral packed bed reactor and obtained 
the following Pat Oo 


- dx/dt = kP (2.8) 


Gamson and Elkins [42] conducted kinetic measurements in an integral 
bed reactor over Porocel catalyst at three temperatures (230, 260 

and 300°C) and four space velocities (240, 480, 960 and 

1920 scf-gas/cu.ft.-catalyst h). Conversions ranging from 93% to 

98% were observed. Rate data may be estimated from their plot of 
fractional conversion versus space velocity, but no rate equation 

was deduced from this kinetic data. These authors cautioned that 
their kinetic data was inconsistent with their thermodynamic 
analysis. The measured conversions were higher than thermodynamical ly 
possible under the same reaction conditions. This discrepancy may be 
due to the fact that they allowed both water and sulfur to condense 
before absorbing the unreacted HS and SO? in caustic solution for 
analysis. Further reaction could occur during analysis and the 


equilibrium conversion under analytical condition is higher than that 


ci {ahd banoBIa) ziiod Ws Se5tT) (etab Sitar! 2hts mort namvb. 


») ic Os. Uae =eay , ; Gy 


z ei 


‘anor enedy bis ashe sto tag syste: Signa badstay an aie 
9) RO nT AP eRe Ab “agitdont: ‘etsaebnt yfavteutons>. omnes 2 
ate" nolaaeey ads ‘pnt fFoxdiedt api io FW te 

norspesy an (io> aids ape gitsy Fastream: s2ot [ge ont 
se vai 29m bns sofea va roe ois parte di abw: gle DAB 244m 


_enthais cents tages” + 226i 289 19N0 2oi tent alt vein 


béiirsddo bre. “ore 568% shad haioadl Feipatat ne wih U7 OEX od: 
-sotteups SB" snot 


ig GG) = Sb\xb.- 


fangodnf 5 if atignaquesstt at Jonth bes oubiop P Shi sata tae 
0g5. 02S). venwistadned ‘spit, 48 dey lareo issoved 190 Nei 

| bis ae 0a’, 0X8) ears olay .sunge ayor. bre (7°08 a6, 

of 82 matt, ENT OASt 2YOR249V00) tt deylesso~, ST wo \enp 
Ao tolqAbeds wort bersmi seo 90 yeni iat hk bak asin _ 


nor teups ater on “tid Nthadiev sarge zue%sv nohevavnea Fen ore 


atari "ties Adee Hieterenooni sw Steb 21 Yantai 


ylisatmsaybonrtard) nnn hg aw ‘eB iorhesd hodebam (adh walt sn 
80) yom vonaqayse ib’ iat “sSpObAgb Awa. ats oaan, aie, any sit sigien 200 


Fe NanIIGS Oo st s 7edu eioit “bawot is haere darth sont aay on * 
' et nonditiaz, anjeues, niga?! pus = had 2eornW Sty pnfdvaed Ere 


oop ade bie: eon ign oad a Be: Riba voykinglt i 
| ead nent vain et rots. fest on vebaw naterenios aie Th 9 


under experimental condition. On the other hand, the thermodynamic 
data might be in error. The wet chemical analysis method was used by 
Taylor et al. [138] and by Gamson and Elkins [42] in their kinetic 
measurement. 

Cormode [26] measured kinetic rate data of the reaction 
between HoS and SO» using a recycle flow reactor with a commercial 
bauxite catalyst. An adsorption train and wet chemical analytical 
technique was adopted. No rate equation was deduced from the kinetic 
data. McGregor [84] also employed commercial bauxite catalyst 
(Porocel) and used a recycle differential flow reactor for his 
kinetic studies. A total of 80 experimental runs were carried out in 
the temperature range of 208-287°C. The ranges of H9S, SOs, H50 and 
sulfur partial pressures were 11.3-63.6, 9.6-45.8, 1.2-121.0 and 
0.2-9.0 mm Hg, respectively. Using a catalyst particle size of 
28/35 mesh, he suggested that the reaction rate was proportional to 
the external and not total surface area. He approximated the 
external surface area from the particle mesh size by assuming that 
all the catalyst particles were cubical in shape. He concluded that 
neither pore diffusion nor film diffusion were important in the 
reaction, presumably all pores were filled up by condensed elemental 
sulfur. Both McGregor [84] and Karren [64] examined the amount of 
sulfur retained by the Porocel catalyst which had been in the reactor 
for a number of runs. Prior to cooling down the reactor for removal 
of the catalyst, the reactor was purged for two hours with pure 
nitrogen. Their analysis indicated that about 2.0% by weight of 


sulfur was retained by the catalyst. McGregor [84] observed that 
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water vapor had a retarding effect at high concentration and an 
accelerating effect at low concentration on the forward rate of the 
reaction. The empirical rate expression deduced by Dalla Lana et al. 
[29] using a statistical modelling method [130] and McGregor's 
kinetic data was 

= 1.212 exp(-7440/RT) (Py Ps, )/(1+ 0.00423P 


-V ) 
H5S H0 


(2.9) 


This expression reflects the retarding effect of water vapor on the 
reaction rate but not the accelerating effect as observed by 
McGregor at low water vapor pressure. The powers of HS and SO, shown 
in the above rate equation were round-off values. The actual powers 
deduced from the statistical modelling by Dalla Lana et al. were 
Onezo- 020952 and 0.467" OTT “For Hos and SO, respectively. The 
figures after the + sign show the 95% confidence limits which are 
1.212 + 0.694, 0.00423 + 0.00246 and 7440 + 655 for the other 
parameters in the rate equation. The relatively poor 95% confidence 
limit for the parameter of water term implies the relatively high 
uncertainty in the deduced value of this parameter. 

George [43,44] examined the effect of impregnating a number 
of catalysts (Chromosorb-A, cobalt-molybdate on Y-alumina, porous 
alumina, activated alumina, Porasil, bauxite) with acid or base on 
the catalytic activities of reaction between Hos and S0,. The method 
of impregnation involved soaking the catalyst in the acid (HCI, H5S0) > 


or H3P0q4) or base (NaOH, KOH or LiOH) solution and then decanting and 
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drying at 100°C. The author did not specify the concentration of acid 
or base solutions used. His results showed that acid impregnation did 
not affect the catalytic activities of the catalysts studied. However, 
with about 4.0 weight per cent NaOH impregnation, the catalytic 
activities of Chromosorb-A and Porasil were improved by factors of 100 
and 2, respectively, while that of other catalysts increased by at 
least 20%. With the -hundredfold improvement, the catalytic activity 
of Chromosorb-A was comparable to that of a commercial Claus catalyst 
(alumina). The activities of on catalysts studied increased with the 
loading of base impregnation up to 4.5 weight per cent and then 


dropped off as more base was loaded. Among the various types of bases 


loaded, the activity of Chromosorb-A improved in the order of K*’<Na<Li’. 


The surface area of the catalysts was not affected by base impregnation 
at low loading but it decreased with higher loading (i.e. greater than 
5.0 weight per cent base) but no explanation was given for these 
results. George did not elaborate whether the catalysts were 
modified physically or chemically by the impregnation with bases. He 
concluded from these results that basic sites (presumably he meant 
oxide anions) were important for the reaction. If this is true, the 
impregnation of the catalysts with acids should change the catalytic 
activities. However, the author did not explain why the importance 

of basic sites could not account for the observation that acid 
impregnation did not affect the catalytic activities at all. An 
initial rate was obtained by fitting his three measured data points 


into the expression proposed by Mezaki and Kittrell [86]. 


Race tanh[Ap(F) ] (210) 
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An initial rate expression in the form of 


Flies = Sips 62211) 


was obtained for Chromosorb-A over three temperatures (434, 400 and 
350°C). The kinetic order with respect to SO» was found to be zero and 
the activation energy was 25 Kcal/mole. For the base loaded 
Chromosorb-A (both 3.9 and 5.0 weight per cent base) the kinetic orders 
of HoS and SO» were 0.7 and 0.2 respectively and the activation energy 
was 10 Kcal/mole. The rate expression by using commercial cobalt- 


molybdate on y-alumina was found to be 


KPA s 


Ws 7 (eo Cle 
HoS (T+ OT Py 


The author found that film diffusion was the rate determining step for 
the based loaded Chromosorb-A. He also noted sulfidation of catalyst 
from the change in colour of the catalyst from the original deep blue 
to black. This probably was due to the sulfidation of molybdenum 
rather than alumina. 

Kerr et al. [65] studied the kinetics of H2S/S0O. reaction 
over bauxite and activated alumina catalysts in an integral bed 
reactor of 1-3" inside diameter and about one foot deep. The bauxite 
catalyst was 2-4 mesh in size while that of activated alumina was 4-6 
mesh. The total volume of the catalyst used in the reactor varied 
from 0.2-1.2 litres. Three reaction temperatures (232, 269 and 297°C) 
were used. By changing the catalyst bed depth with a fixed gas flow 
rate, five data points were collected under each temperature. The 


analytical method used involved drying the product stream over P205 and 
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then introducing it into a gas chromatograph. For bauxite, the data 
covered 30-70% H,S conversion range while for activated alumina, it 
was 60-70%. 

The authors found that the catalytic activity of bauxite 
catalyst was reduced by 40% after passing 1/2% 0, for one hour over 
their used bauxite catalyst. In addition, they also noticed that a 
minimum of 4 hours of continuous operation was required before a steady- 
reaction rate was reached. They claimed that the catalyst could 
absorb (they did not use the word adsorb) 15 per cent of its weight of 
Sulfur and therefore such a long period of time was required to reach 
Steady-state operation. This start up behaviour was very different 
from that observed by Karren [64], McGregor [84] and George [43]. 

When developing a kinetic model for the reaction, the authors 


Started with a general power law model without denominator terms. 


d[H.S] 
dt 


= -k-[HS]°[S021* + kplHo0I'Ts, 1° (2.13) 


They were interested only in determining the simplest values to the 
power coefficients. They stated that since neither the zeroeth nor 
first order kinetics agreed with the experimental data to a sufficient 
degree of accuracy to warrant their use, the following second order 


model was adopted 


d[H>S] 


“aire hen ae ISO? Ver kp[H20][S, ] (2.14) 


From this, they developed the following final model. 
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d[H»S ] a [H»S Je[S0> Je 

mates 6 exR ing 6 LHe5ILSOn]\+ THp0Te[s, Je bH201{S_]) 
The above equation does not contain stoichiometric coefficients on the 
equilibrium terms and is thermodynamically inconsistent. The authors 
did not elaborate on how the values of [Sn] as well as the values in 
equilibrium terms were determined for model correlation. After 
applying their 15 data points (five for each temperature) to the 


empirical model (2.15), the following was obtained. 


d[H>S | x [H»S Je[ SO, Je 
= z EOS exp “F?) +-[H251L502] i TeoTers Te M201l5,} 


The activation energy of 5.02Kcal/gmol H5S was less than that 
obtained by McGregor (7.59Kcal/gmol H,S). Kerr et al.[65] did not 


discuss the reaction mechanism at all. 


2.3 Surface Properties of y-Alumina 


Because alumina has been widely employed as a catalyst or as 
a catalyst support, a considerable amount of research has been devoted 
to elucidating the nature of its catalytic properties. It is 
generally believed [75,109,110] that the catalytic properties are 
related to the surface properties of alumina. For example, the less 
porous alumina, called alpha alumina or corundum, has lower surface 
area and different crystalline structure than other aluminas and is 
the least catalytically active type of alumina. The crystalline 
structures varied not only by the pattern of arrangement of oxide ions 
but also by that of the aluminum ions. Due to the variations in 


structures, the manner by which the aluminum ions and oxide ions are 
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exposed on the catalyst surface also differs. As a result, various 
"active sites" for adsorption and catalytic reaction are formed. Hence, 
to understand the catalytic properties of y-alumina, it is 

advantageous to understand first its surface properties and a review 


on this topic follows. 


2.3.1 The Crystalline Structure of y-Alumina 


The various types of alumina differ in crystallographic 
Structures [75,127]. They are often prepared by precipitation of 
a hydrated alumina formed by mixing solutions of alkali and salts of an 
aluminum compound (sulfate, nitrate, acetate or occasionally chloride). 
The precipitate formed js gelatinous with a diffuse x-ray diagram. 
Subsequent heat-aging may produce boehmite, bayerite or gibbsite, 
depending on the treating environment. Calcination leads to elimination 
of water and for various temperatures of calcination, a number of 
intermediate structures are observed. 


The thermal process can be interpreted as follows: 
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The transition aluminas still contain water, presumably 
entirely as hydroxyl] groups on surfaces, the overall composition 
being Al,03 - nH20, with 0 < n < 0.6 [127]. Lippens and de Boer [74] 
found by single-crystal electron diffraction studies that the oxygen 
lattice of ¢-alumina should be well-ordered. The oxygen lattice has a 
close-packed cubic unit cell which is stacked in layers of 1-2-3-1-2-3 
unlike that of y-Alj03 which is stacked in the sequence of 1-2-1-2 
as shown in Figure 2-1. In the cubic close packing of anions, there 
are one octahedral and two tetrahedral vacancies per anion, in which 
the small aluminum cation can be located. The unit cell of the 
crystal consists of 32 oxide ions with 21 1/3 aluminum cations 
arranged at random in the 16 octahedral and 8 tetrahedral positions 
of the spinel structure. 

Since the Pevden anion are well ordered, the disorder in 
y-alumina is determined by the distribution of aluminum cations. In 
spinels like MgAl,0, the aluminum cations occur in octahedral sites 
and the magnesium cations in tetrahedral sites. Because of the 
similarity between the structures of the aluminas and the spinels, the 
former are often referred to as pseudo-spinels. Introducing a 
notation in which tetrahedral and octahedral Al are given as [Al], 
and [Al],, the aluminas can be represented as [Alo/3],[Al2 Jo On. 1127 4. 
The differences between n-, x-, and y-Al503 are probably related to 
their different ratios of [A1],:LA1 Jo as well as to the different 
distributions of [Al], over the available tetrahedral sites and [Al], 
over the octahedral sites. Saalfeld and Mehrotra [121] applied 
Fourier synthesis of the electron diffraction patterns to determine 


the cation distribution and concluded that the octrahedral aluminum 
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Figure 2-1. 


The Oxygen Lattice Arrangement of Alumina. 
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sublattice was fully occupied and that the necessary vacant sites were 
randomly distributed over the tetrahedral interstices. Lippens [75] 
provided the most detailed ‘discussion of the crystallographic 


structures of aluminas. 


2.3.2 The Surface of y-Alumina 


The y-aluminas occur in the form of lamellae.. From the work 
of Moliere et al. [90], the y-alumina surface terminates in oxygen 
anions because they are more easily polarizable. Accordingly, the 
outermost aluminum ions lie below the oxide plane. Lippens [75] 
concludes from his x-ray diffractional analysis that the [110] plane 
forms the majority of the y-alumina lamallae. Others [31,32] believe 
that the [111] plane is more energetically favored and that a greater 
density of oxide ions may be packed on this face, 

A considerable amount of water may be adsorbed Ge salnapies 
Kipling [66] evacuated hydrated y-alumina at 25°C for 100 h and measured 
13 molecules of water per 100 A2 of surface. After drying at 120°C, 
8.25 molecules per 100 N2 were retained [32]. Initially, the water 
molecules are physically bonded in multilayers on the surface. As 
dehydration proceeds, these molecules desorb until the surface is 
covered with hydroxyl groups. Upon heating at higher temperature 
additional water can be eliminated by recombination of two adjacent 


surface hydroxyl groups [10,76] , 


0 0 EX y \ ts H>0 G7 ha 


This process creates aluminum and oxide ion sites. These aluminum ions 


aiew aagie ‘tneaey. scheeeenen aii ee ie ates wi ew 
ray] anoqgtl sdaatiaratnt rane any evo posidtatath 

| sfaganeoietewra 3 ait ¥o ovata bet Tegeb ram at b 
av enbitot F0 ort 


elt do abenaad 

row ott moxd «obtTomet: to! Lmniot of ni NvIdp BEATEN Py, a” 
AspyRo: At cos ented Soetwe sna yi ait hop te tes 
aad .vionttefooon .etdasiy a uirees! anoint Eatd yan ae | | 
Cai] ehaqat .sestq’ sbtxo! edd alee Sef Sv0i Kaan ee 

anata [Ol iy and teat areuiene fenottoeytt tb. Yat ok att nia 
aver led [SE 1E) eveds0 -95i emt parm be i ‘olf 0) vihobsa 8 
+o) sac1p 6 050) hae bs yovet Vile sof ou yan a7om, et ensiq ont 
| | /998F aids hie besaag on \sin ehot — . | 

-aevbnin V6.2 vd badiozhs, sd Yen netew v0 Suomi af coceh B 
beiweboe bast DOT 40% 38s $6 siftta~ baseibvd berauceve. tlaad ea 
DPOSt +5 ant Sith. -sostiue! r¥o! Sf tor dog ‘edited 
ed Bw orld xa fats tal [se boat eye Ao" “A, ODT sq wilvs 

2A sostave sit, 10) euayatid fun Ap bobrad cei 

zt 8 abtaae aris. ‘dev (o2sb eafiiostom: eeellt -abs9304gtt 
aquteraqney ysnpin ts pnt dso sifal, diate) ‘oo 
TmsossEbs Owd To dota bntdnsss deeseniaels ad 69 vetew: 

_ fen. on] 2quorp hase J 


= 


_ 7 
H H 
- f 0 ‘ { * ‘ 
(4F.S) OH + (4 XN «£ 0 0 


oe | | ae 


enor munimuls 92947 .2adhe not sbixo bas ee, estes 
_ 
a, | Tas oe == 4 
a _ 7 : = - = tan Car a 


are regarded by Peri and others [€8,190,103,104] as Lewis-acid 
centers capable of adsorbing organic bases. Thus, for ammonia (PK,=5) 


[109] pyridine (PKp=9) [100], the adsorption process can be depicted as 


Al + NH; 2 Al (2.18) 


Al ns ie Al (219) 


A model of the alumina surface obtained by Peri's computer 
simulation method [105] from the dehydration of a fully hydrated surface 
on [100] crystal planes is shown in Figure 2-2. Five different types 
of hydroxyl groups were predicted from the computer model and their 


corresponding infrared vibrational frequencies are shown in Table 2-1. 


Table 2-1 


Peri's IR Spectrums of Hydroxyl Groups on Alumina* 


Band Wave Number, cm! No. of Nearest Oxide Neighbors 
A 3800 4 
B 3780 3 
C 3744 2 
D 3783 ] 
é 3700 0 


*with reference to Figure 2-2. 


The dehydration mechanism and the structure of alumina surface can be 


visualized from Figure 2-2. The validity of Peri's assumptions [105] 
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28 
that a spinel type alumina exposes only [100] planes on the surface at 
600°C have been subjected to criticism by Lippens [74,75]. Peri [104] 
observed a new hydroxy] vote generated by NH3 adsorption on y-alumina 
using infrared spectroscopy. The chemisorption reaction was interpreted 


as 
NH; + 0 +NH> + OH (2.20) 


He proposed that the above reaction was a completely ionic process 
involving reaction with an adjacent oxide ion. Other workers [77] 
explained this as simultaneous bond breaking and formation which may be 


Shown as 
NH» H 


Oe 0 Oe ieee 


oA AS ea _~ VLA 
Al + NH3 > A (2.21) 


The hydroxy! groups on the surface of y-alumina were reported 
to be very weak acidic Bronsted-acid centers, owing to the proton on the 
OH. These centers can react with ammonia to form ammonium ions [104] 
but not acidic enough to react with pyridine to form pyridinium ions 
[100]. From the infrared evidence of Peri [104], the hydroxyl groups 
are mobile on the surface of y-alumina. 

The Bronsted and Lewis acid sites are believed to be 
interchangeable [56,135]. The adsorption of water on the y-alumina 
surface is interpreted by Tamele [135] to involve completion of the 


octet of alumina. 
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Hence, a new hydroxyl group is created at the expense of one Lewis acid 
Site. The reverse occurs during the dehydration process. 

Comparatively little work has been done on investigating the 
basicity of alumina. It is generally believed [37,62,114,128] that the 
basicity arises from the oxide ions. Yamadaya et al. [149] have shown 
by means of benzoic acid titration that basic sites begin to appear on 
alumina when water sufficient to cover all the acid sites has been 
adsorbed. Basicities as high as 0.4 mmol/g have been recorded. Schwab 
and Kral [128] have found that 60 to 80% of the BET surface area of 
alumina can be covered by boron trifluoride (a Lewis acid) at 30 mm of 
Hg and 400°C. Since ammonia covers only from 5 to 8% for the same 
sample of alumina, the basicity of alumina is greater than its acidity. 
Pines et al. [110] have carried out a series of interesting stereochemical 
Studies which strongly suggest that alumina contains intrinsic basic sites 
as well as acid sites, and acts as an acid-base bifunctional catalyst. 
Figote and Parera [37] visualize the adsorption of phenol on the surface 


of alumina in terms of occupation of adjacent pair of acid-base sites as 


Cate CoH H 
0 0-H-0 0) 0 
a SS eee SS ' t 
pithlnay pilyeaColsOH GeAltant Altec ges one rier Os 
0 0 0 


Attempts to correlate the acid-base properties of alumina 
catalyst with catalytic activities have been carried out by many 
researchers. Rosolovskaja et al. [116] found that the activity of 
alunina in the isomerization of alkylbenzene to propenylbenzene at 300°C 
depends on the acidity but not on the physical structure of the catalyst. 


Hirota et al. [58] have shown that the rate of polymerization of olefin 


ae ae 


ore etna) ano, Ve agngin3 ald 48 Wiedn> re . one 


228081G HO NG roy sist, en i om 


ans ait Sepit zevet fio snob naad enh ales a ah 


ans aes [ast BEY, 88,48], baysrted vitiianse rid Bh 

nora SW.Be fest Tay sTlevebinny,, «200i obj xo i aa > 

QO: yaSudE OF mi psd assre | Fasd: sant i qatantaws) blog, Sihanad 

| need 26 catt? bss Save is Yaves of “sneha itue st ati he 
dewiae sbsbrooey, 19ed ave ote: ny) , 0 6 Ht a eon 

| to Bog Sastwe T48 903 to F08: a 22 iy bio ‘eye st fs Bt 

to q08. t6 (bTos .2rwos a abivoul? te haved) Ve ‘hoa a 

atige SHI YO? KH oF ¢ mort yinae ySVOD SNORE gnte | —_ 7 

gtk & 2t7 Ned2/ Notooye Zt snimule 70) ve fatend: can ce 

[mofmsitoog ys, 2 onri2ayernt to 28199 & uo Doig avs orp gute 


d i 7 


aaa Stead siantidnr ent rejnos “primi Fs, thag Jeeppuie uipnorde% \e a a 7 
| Bees 

existe fanorton urFd etad- bE Hie ee 2t35 | ‘bos. zante, bios. on 
aottwe oy M0 loner to. nots qvoebp ni ostfeuetv tel pva64 ; | 


26 eos a26d-bFO6 +O +a tnaostbe to notdsqiio0 tO dnvat a 


} Hh | . gia 7 4 
| 0 Oy. 0 hae OHO SM 
/HES.S) ens, Ment 2 Lae iA Bee.  HOsH50: + TA, aa Bit oe 


a. iy 0 ar oe 


artis. 20 seitraqond sepd-bias Say, sislaniy ot Se 
uns vd su ba rien Need. sven sattivitos yl ste: alia dz! 
“3 — ie Ustuitos ota, ted brid? far ry .[6 39 sCedevotoroh .298 pi 
dnaue ae. anashedt waar od sassnsdT yl 5 to notdastiomont sign nt wen : 7 
; 0 cial v0 swt aude rsptevta silt w ton tod ibis ais ho ply 


Yo SE 


Ff “niteTo *0 noigastvomctan +9 ater std, ‘tig nwoit2 ove cae}, ts e's jor 
7 ; 


¥ 


30 
is directly related to the acidity of alumina. For the alumina having 


strong acid sites, the rate drops markedly as reaction proceeds, 
presumably due to the poisoning of strong acid sites during reaction. 
However, if such strong acid sites are poisoned first with silver then 
the reduction in rate was not as marked. Brouwer [13,14] noted the 
eee of perylene oxidation and cumene cracking is greated affected by 
the acidity of y-alumina catalyst. 

Krylov and Fokina [70,71] obtained good correlation between 
the basic strength of various solids as measured by the phenol vapour 
adsorption method and the catalytic activity for the dehydrogenation of 
isopropyl] alcohol. The dehydrochlorination of 1,2-dichloro-2,2- 
diphenylethane [1] and of 2,3-dichlorobutane [93] are promoted by the 
basicity of y-alumina. Krylov and Fokina [71] investigated the reaction 
of acrolein with ethanol over various metal oxides and noted that the 
catalytic activity increases with the electronegativities of the 
catalysts, an indication that the reaction proceeds according to a 
base-type mechanism. 

Since both acidic and basic sites occur on y-alumina surface 
many researchers [88,89,92,96,110,111,128,137] believe that although one 
type of site may play a more important role for one reaction, it is 
not necessarily true that the other type of site does not participate 
in the catalytic process. They suggest that y-alumina is more probably 
a bifunctional acid-base catalyst. Ohki et al.[96] studied the trans- 
isomerization of crotononitrite reaction over catalysts such as Al203, 
potassium 2-naphthol-3-carboxylate, sodium salicylate, etc., which 
contain both acidic and basic groups as well as NaOH, Na jC03 and 


potassium biphthalate which have only either an acidic or basic property 
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3] 
and found that only the acid-base bifunctional solids are catalytically 


active. The dehydration of various types of alcohols with alumina 
catalysts has been the object of intensive studies and the reaction 
mechanism and the nature of the alumina have been. discussed by Pines and 
Manassen [110]. They regarded the dehydration of most alcohols (menthols, 
neomenthols, alkylcyclohexanols, decanols, bornanols, 2-phenyl-1-propanol, 
etc.) as taking the form of a trans-elimination, requiring the 
participation of both acidic and basic sites on the alumina. For this 
reason, alumina may be thought of as a "“solvating" agent, in that it must 
surround the alcohol molecule, thereby enabling the alumina acid sites to 
act as proton donors or electron acceptors, and the basic sites to act as 
the proton acceptors or electron donors. This can be illustrated by the 
cis, cis-]l-decanol dehydration scheme proposed by Misono and Yoneda [88]. 


cis-1,2-Octalin 
9.9 mol% 


(2.24) 


1,9-Octalin 
84.7 mol% 


The hydrogen-deuterium exchange in n-propane involves both the acidic 
and basic sites of y-alumina as demonstrated by Flockhart et al. [39] . 


The suggested mechanism is shown below. 
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Dissociative adsorption of propane is followed solids exchange at 
the site of the active hydrogen atom, with desorption of the deuterated 
Species from the surface as the final step. This mechanism is in accord 
with the mass spectrometric evidence that the exchange of hydrogen in 
propane is a stepwise process involving replacement of not more than one 
mrirocen atom per adsorption-desorption cycle. The coordinated acid-base 
Sites on alumina are possibly associated respectively with an abnormally 
exposed aluminum ion and a defect centre containing oxide ions. 

An excellent discussion on the acid-base properties of various 


catalysts has been provided by Tanabe [137]. 


As suggested by Weyl [145,146] and others [27] strains exist on 


a crystal surface. The strained sites on the y-alumina surface are 

believed to result from the dehydration of the original hydrated surface 
[27,57]. The pattern of adsorption and reaction on the catalyst surface 
will then depend on the release of the strain. This is also used as one 


of the interpretations of the catalytic activity of y-alumina. 


2.3.3 The Adsorption Properties and Surface Chemistry of y-Alumina 


As mentioned in the previous section, the various "sites" on 
y-alumina, e.g. aluminum ions, oxide ions or hydroxyl groups,provide the 
centres for adsorption or catalytic reaction. The chemical properties 
of these sites play an important role in these respects. For example, 


acidic sites provide the adsorption centres for basic adsorbates and vice 


versa. 
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In this work, the adsorption of the various chemicals in 
the studies involved on Y-alumina will be examined, as well as the 
surface reaction of Y-alumina with the various aie? A review 
on the published works of HOS SO. and S adsorption of yY-alumina 


will be presented. 


@o- snl hGsorption Studies: Hs, 902 55 


Some published work on the quantitative measurements of the 
adsorption of HoS SO. and S on Y-alumina are available in the 
literature. These will be discussed in greater detail later. Among 
the published work, some postulated modes of adsorption were given 
but experimental verification has not been attempted. 

A study of adsorption should provide valuable information 
which improves our understanding of the mechanisms of the reaction. 
For example, if only one of the two reactants is found to be adsorbed 
under the reaction conditions, then the reaction mechanism must be of 
the Eley-Rideal and not Langmuir-Hinshelwood type. Morecver, from an 
adsorption study, the nature of sites essential for adsorption and 
perhaps for reaction could be understood. Whether all reactants and 
products or certain reactants and products compete for the sites 
Should also be examined. 

(i) Studies on H2S Adsorption 

Infrared studies on the adsorption of Hos on Y-alumina have 
been reported by Slager et al. [133] and Deo et al. [34]. They 
observed similar (some small difference in frequencies between their 
recorded infrared bands) infrared bands and the observed frequencies 


are summarized in Table 2-2. 
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Table 2-2 INFRARED BANDS OF Hos ADSORBED ON 


A A 


Y-Al 403 OBSERVED BY DEO et al. [34] 


SN 


_—_ CO err eee 
SS Ss SS 


Observed Gas Phase Assignment 
Frequencies Frequencies 
(cm-!) (cm7") 
134] 1290 H-S-H (bend) 
1420 VW 
1568 
2568 VW 2684 S-H (stretch) 
3400 Vb O-H (hyd. bonded) 


where VW=very weak, Vb=very broad 


Both works reported the change of color of the catalyst from white 
to yellow by Hos adsorption. The broad infrared band around 3400 
cm! represents the formation of hydrogen bonding. Based on the 
hydrogen bonding evidence, Deo et al. proposed the following form 


of Hos adsorption. 


(2.26) 


On the other hand, Slager et al. did not agree with this 
structure. They argued that a shift of -166 cm” | in asymmetric 
stretching and +51 en in bending from the gas phase vibration 
mode of HS could not be explained byhydrogen bonding formation 
between the sulfur atom of HoS and hydrogen atom of the hydroxy] 


group of Y-alumina. Instead, they suggested that the following 
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mode of adsorption would be more appropriate 


H H 
x / 
O--H-—S | 
| (27) 
Al Al 
Sy 
0 


Through its sulfur atom, H5S is adsorbed to the Lewis-acid site and 


the hydrogen bonding is formed between the hydrogen atom of the H,S 


Z 
and the oxygen atom of the surface hydroxyl group of Y-alumina. 
In addition, they said that this type of structure is in better 
accord with the mechanism of surface sulfide formation which arises 
from the dissociation of Hos on adsorption. Both i.r. (infrared) and 
gravimetric techniques were used to confirm the H5S decomposition. 
When contact time between Hos and Y-alumina was extended, they observed 
an increase in intensity of the i.r. band in the O-H region and also 
the appearance of the i.r. band at 1625 cm! arising from the Ho0 
bending mode. This establishes that water is one of the products of 
HS adsorption. The infrared bands of both the adsorbed HS and H50 
could be removed when the adsorbates and adsorbent were heated above 
100°C. From gravimetric measurements, they obtained a linear relation 
between the total weight of the adsorbed material and the sum of the 


area of the i.r. bands of the adsorbed H5S and Ho0. A mechanism in 


agreement with this observation is shown below 


35 


(YS. g) 


bane atte bros-elwas, Sht 03 bedioebs. 9f 2g Mess nti f 
@oH Sit 16 mods nepatbyd ol} Hogudsd bare? 2t pAtDE 
.pninwls-Y. to quote Tyxonbyn asetiue ent to: mods | 5 Q , » 
vetted nh ef snudaurie 70 aq aida dit tae vat ror cl 

29er yh! sont not tanvot obit (de ssetwe Ao inet neeoam 3 
bné (baveitnt) ay AOS: nol sq4oebe nO. Pt to -natisia shee 


soi 4 2ounioaab a) add: aif tne ‘of bay aria ek 


"bets bine notes pie 0 ane nv bbs “ AY a Fo bien a 
0. gH ott mov? afters 3 ‘mg asar 6 Ba At. Bid 7.4 

to. 24aubong ont 10, sie af Yatew: Anda eeflatitdades it 
y 


JH bab Zit badvoabs ony, eee 70 2bned, bovaitat ant, on 


pled 


avods batiod syaw tyado2bs brs (epissan9 ery Ud iih saVO 
{ i3) : 
noeTETSY, \ isan § bantesdo ai eating Hudien sted vie ao T 


“ 


ee 
i. 


a | “yatsae at luacalamibe is 
yl re! hae 1 8 A 

yi ie i | ' 
gh . | Ce et 
Pee a : Reo es ey . bi 
eT eT “OMe rai 

her 7 te H 2 iy! ¥ i 
ae a ’ a! | _ rt ae KL, 


36 
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HPP fas gue 
Vas2 acy 
Al Al Al (2.28) 


According to this mechanism, bond breaking in hydrogen sulfide can 
be thought to be coincident with the formation of an O-H bond. 
Rationalization for the 0-H lying next to the adsorbed hydrogen 
sujfide can be made following Peri's work [104, 105, 106], in 
which a plot of the percent of Q-H retained, against evacuation 
temperature showed that at least 50% cf the surface would still 

be covered by hydroxyl] groups after evacuation at 325° c. Thus 

it would be improbable that HS could adsorb on exposed 

aluminum ions without having an OH species as a neighbour. The 
adsorptive dissociation nature of Hos was further demonstrated by 
the isotopic exchange experiments conducted by Sabtier and co- 
workers[122, 123, 124]. The hydroxy! group of ethyl alcohol was 
found to be capable of exchanging with the SH of Hos over alumina. 
Other conceivable paths discussed by Slager et al. involve the 
breaking of the hydrogen-sulfur bonds to form H, H° or H , and 
so 5° or set. Without adequate information, they concluded 
that the final nature of the sulfur atom of adsorbed Hos could 
not be verified. However, they said that it was unlikely for 


H or g¢t to be formed because subsequent reaction between H and 


OH or 0°" to form water would be inhibited by like charges and 
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no evidence was obtained to relate to the formation of SO, 
from reaction S°* and 0°". 

Bayley [9] noted that Hs could not be quantitatively 
desorbed during adsorption-desorption cycles. Adsorption rever- 
sibility tests by Glass et al. [45, 46] showed that about 10 g/g 
of HS could not be desorbed from Y-alumina. DeRosset et al. 
[33] investigated the same system at low coverages and high 
temperatures and reached the conclusion that the formation of 
Al-S and Al-0 bonds on oxygen vacancies following the adsorption 
of Hos and Ho0 was consistent with bulk thermodynamics. It has 
been reported [10, 100, 104, 135] that incompletely coordinated 
aluminum which possesses the Lewis-acid property occurs on the 
surface of Y-alumina as a result of exhaustive dehydration and 
readily reacts with basic adsorbents, such as NH. and H,0. 
DeRosset found that both adsorbed H.0 or Hos on ‘-alumina 
prevented the development of the acid color in the case of 
dicinnamal acetone (pK, = -3.0). While it is difficult to 
determine whether conversion of the dye to its conjugate acid is 
due to interaction with Lewis- or a Bronsted-acid site, neverthe- 
less the experiment clearly showed that Hos reacts as a base with 
the acid site of Y-alumina, whatever its nature. A high 
isosteric heat of Hos adsorption ( 25 to 38 kcal/mol, depending 
on the degree of predrying of the alumina) was detected by 
DeRosset et al. and they argued that reaction of Hos with a 
surface Bronsted-acid site (as suggested by Deo et al.) by 


hydrogen bonding could not account for such high heat of adsorption. 
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Instead, reaction of Hos at a Lewis-acid site would create an Al-S 
bond and more nearly satisfy energetic requirements. They did not 
indicate whether such adsorbent-adsorbate interation was capable 
of transforming part of Al0. into Al,S3. Similar high isosteric 
heats of H,S adsorption ( 16.3 and 32.5 kcal/mol at 0.02 » mol /m 
and 0.42 mol /m at 423° K) on Y¥ -alumina were also measured by 
Glass and Ross [46]. Changing of the Y-alumina color from white 
to pale yellow was also noted and chemical tests verified the 
presence of about 100 pg. of sulfur in an unknown state. 

The quantitative measurement results of H5S adsorption on 


Y-alumina carried out by Glass et al. and DeRosset et al. are 


Summarized in Table 2-3. 
TABLE 2-3 


HS ADSORPTION ON Y-ALUMINA MEASURED BY 


VOLUMETRIC METHOD 


Adsorption H5S Adsorbed Surface 
Temperature Pressure Amount Area 
{ ake cio7® pmol H,S/g m°/9 
cm Hg) 

pe orem OF HS SdSOrption... INE INV tere em See eee 
DeRosset 300 21 22 175 
etal. |33| 
Glass et 150 350 250 490 
allie wt te Ol Rewd 
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(ii) Studies on SO, Adsorption 

Relatively little work has been done on the adsorption 
of S0, On Y-alumina. Deo et al. [34] studied the S0, adsorption 
on Y-alumina using infrared spectroscopy. Table 2-4 shows the 
frequencies of the infrared bends obtained by them when 1.3 cm of 


Hg of S0, was contacted with the Y-alumina pellet at room temperature. 


Table 2-4 


INFRARED BANDS OF SO, ADSORBED ON 


YAI,0, OBSERVED BY DEO et al. [34] 


Observed Gas Phase Assignment 
Frequencies Frequencies 

(om!) (cm!) 

2470 w 2499 

2340 w 2305 

1330 0-S-0 (stretch) 
1140 0-S-0 (stretch) 
3400 vb H-O-H (hyd bonded) 


where w=weak, vb=very broad 


The broad hydrogen bonding band at around 3400 cn 


arising from 50, adsorption was similar to that of their observa- 
tion on Hos adsorption. The infrared band at 3785 cm, represen- 
ting the highest vibration frequencies of the surface groups 
disappeared as a result of 50, adsorption. New bands at 1685 and 


1240 ee as well as a weaker pair at 1410 and 1090 cm”! were 
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detected when SO, pressure was increased above 3.1 cm Hg. These 
were attributed to the symmetric and assymmetric stretching 
vibration of the perturbed adsorbed SO. species although the form 
of such species was not understood. Upon heating at higher 
temperature to 400° ¢ and cooling back to room temperature, a 
further pair of bands at 1570 and 1440 cm”! appearred. Finally, 
after evacuation at 400° C, only two pairs of bands remained, 
namely, the 1330 - 1140 cm! pair, which was observed at low SO, 


1 


pressure (1.3 cm Hg) and shifted to 1375 - 1110cm.— after high 


temperature evacuation, and the 1570 - 1440 pair which appearred 


after heating at high SO, pressure (above 3.1 cm Hg) and eventually 


Pratitizediat 1570-1470 cm ©. 


the authors. One is that the two pairs of remaining bands repre- 
sent different chemisorbed species, each vibrating with its own 
characteristic frequency. The other involves the possible forma- 


tion of a surface sulfate which the authors depicted as follows, 


0 *0 (2. 29) 


The frequencies of the infrared bands of some of the 


inorganic sulfites, sulfates and bisulfates [113] are summarized 


in Table 2-5. Only those bands with frequencies less than 1700 cm 


are listed. The striking feature exhibited in this table is that 


Two interpretations were given by 
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Table 2-5 
INFRARED BANDS OF SOME OF THE INORGANIC SULFITES, SULFATES 


eee wana nneapennenennnnnees re 


AND BISULFATES 


rn 
SSS 


(NHy )o SO. -H 90 1410 (vs) 1105 (vs) 

Na,S0. 960 (vs) 1125 (w) 1215 (ww) 

KS02-2H,0 943 (vs) 1100 (vs) 1175 (s) 1645 (vw) 
CaS0,-2H,0 945 (vs) 947 (vs) 1100 (vw) 1p ay 
BaS0, 917 (vs) 1070 (m) 1200 (m) 1410 (w) 
ZnSO. 945 (w) 1020 (s) 1160 (m) 1630 (m) 

(NHq) 5S0, 1105 (vs) 1410 (vs) 1740 (vw) 

Li,S0,° H,0 1020 (vw) 1110 (vs) 1625 (m) 

Na 950, 1110 (vs) 

CaS0,- *2H,0 1010 (w). 41130; (vs)y 1630,4s) 

MnSO, ° -2H 90 1025 (m) 1135 (vs) 

FeSO, ° 7H40 990 (vw) 1090 (vs) 1150 (m) 1625 (m) 

CuSO, 805 (m) 1090 (vs) 1200 (s) 1600 (w) 

ZrS0,°4H,0 920 (vw) 1080 (vs) 1630 (m) 1650 (m) 

NH,HSO, 855 (m) 1035 (m) 1180 (m) 1410 (w) 
NaHSO, 865 (s) 1075 (s) T235:(s:) 1660 (m) 

KHSO, 877..(s) 4. 1065.u(5 eeelu60N (so 1 280a(;s } 


where, vw=very weak, w=weak, m=medium, s=strong, vs=very strong 
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all sulfites, sulfates or bisulfates possess the strong band at 
around 1100 cm”! except the ammonium member, which has one more 


strong band at around 1400 em” | 


The band frequencies are not 
greatly varied by different cations. Only those members with 
crystallite water produce sizable bands at Bite 1600 cm” | which 
represents the molecular water. None of these bands are near to 
those of the "sulfate" bands observed by Deo et al. 

The amount of SO, adsorbed on Y¥ -alumina at 20 to 80° C was 
found to increase monotonically with pressure by Ozawa et al. [97] 
(Surface area of Y-alumina = 382 m@/q and amount of SO, adsorbed 
at 80° C and 1 atm. pressure is 180 wmol/g). Glass and Ross [45] 
studied the adsorption of 50, below monolayer coverage (0.1 - 2.0 
ymo1/m-)on Y-alumina at 150°C and with S0, pressure to 450 mm Hg. 
The Y-alumina was pretreated at 500°C. A high heat of adsorption 
(48Kcal/mol) was detected at lowest coverage (0.1 wmol/m2) and 
levelled out to 13 Kcal/mol~! at a coverage of 2.0mol/ 2. The 
authors believed that this high heat of adsorption was an 
indication of chemisorption at low coverage and agreed with the 

"sulfate-like" structure proposed by Deo et al. 

Jones and Ross [63] investigated the SO. adsorption on silica 
gel at -10 to 50°C with a relative SO, pressure of 0.017 to 0.14. 
The isosteric heat of 50, adsorption at the relative pressure of 
0.1 and -10°C was found to be low (9.QKcal/mol) compared to that 
of ammonia [12] and ethylamine [118] in this region. The heat of 
liquifaction of $0, ("Handbook of Chemistry and Physics" Chemical 
Rubber Publishing Co., Cleveland, Ohio, 1959) at -10°C is 6.08 
Kcal/mol. 
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Normally, the heat of physical adsorption of a gas on a solid surface 
is 1-2 times the heat of liquefaction [51]. In addition, they also 
noted that S0, adsorption was completely reversible under their 
experimental conditions. They considered the S0, adsorption on 
Silica gel to be a physical surface process. 

The adsorptive properties of SO, - mordenite system was 
presented by Roux et al. [120]. About 10% difference between 
adsorption and desorption curves was recorded by using H- and Na- 
mordenite as adsorbents. At low coverage; heat of adsorption is 
about 20 kcal/mol for H- mordenite and 30 kcal/mol for Na- mor- 
denite. The authors explained this phenomenon in terms of surface 
heterogeneity. Initially at low loadings, the sulfur dioxide is 
primarily attached to specific sites in the adsorbent matrix. 

Once these sites are occupied, the remainder of the adsorption 
would proceed throughout the remainder of the adsorbent matrix 

by physical adsorption process. The chemisorption at 

low coverage was postulated to be a strong bond formation process 
between the 50, and the cation of the adsorbent. This was 
supported by the higher heat of adsorption on Na- mordenite than 
H- mordenite. The authors also suggested the unidirectional 
adsorptive interaction between the SO, and the surface with high 
heat of adsorption and low activation energy for adsorption so 
that mere evacuation would not re-establish equilibrium. They 
observed that the desorption activation barrier could be overcome 
by heating so that the amount of SO,irreversibly adsorbed at 


8 


160°C is only 0.4% of that at 0°C (1.2X10 ~ mol/g H-mordenite). 


Strong preference for SO, adsorption over C0, adsorption even when 
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the gas composition was over 90% C0, on both H- and Na-mordenite 


was also noted. 


Table 2-6 


SO,ADSORPTION ON Y-ALUMINA AND SILICA GEL MEASURED 


BY VOLUMETRIC METHOD 


Adsorption Adsorption Amount Adsorbent 


Temperature Pressure Adsorbed 
(cae) (mm Hg) (umol /m°) 
Ozawa et al. 80 760 Wass YT -alumina 
Boye! 
Glass et al. 150 500 2.0 Silica gel 
[46] 


(iii) Studies on Sulfur Adsorption 


So far, very little work has been reported on the 
adsorption of sulfur on solid catalysts. Barrer and Whiteman [6 ] 
investigated the sulfur adsorption on porous Ca-A, Na-X (near 
faujasite) and natural Ca-, Na-chabazite at 260-320° C tempera- 
ture. Sulfur vapor ranges from about 0 to 70 mm Hg. In each of 
the zeolite, the uptake was relatively fast. There was very 


little difference between the uptake below 1 mm Hg and that (400 


mg/g of Na-X at 320°C) at 70 mm Hg of sulfur vapor. The adsorption 
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isotherms were found to be fully reversible, as shown by the 
coincidence of their sorption and desorption curves. A large 
isosteric heat of adsorption was detected. For Ca-A, when the 
sorptions were 0.32 and 0.33 g sulfur/g of adsorbent, the isosteric 
heats of adsorption were 24.8 and 25.3 Kcal/mol.and for Na-X at 
sulfur sorption of 0.39 and 0.4 g/g adsorbent, they were 32.6 and 
30.9 kcal/mol. These large heats of adsorption 

demonstrate that strong bonds were created between adsorbed 
sulfur and the host lattice. Despite the high affinity between the 
crystals and sulfur, they were able to remove all the sulfur by 
further heating and evacuation. Natural chabazite adsorbed sulfur 
very slowly compared to Ca-A and Na-X. The uptake bears a linear 
relation to the square root of the total sorption time. This is 
characteristic of a diffusion process. From the 

adsorption isotherms of natural zeolites, they were able to estimate 
approximate saturation values and it was calculated that the 
fractional filling of supercages of the natural zeolite by sulfur 
was about 0.75 to 0.80. They believed that sulfur diffused as 
chains in the pores. 

The surface area of the bauxite catalyst used by McGregor [84] 
for HoS/S0, reaction measurement, was decreased to 56 m2/q after 
experiment compared to 148 m@/g before use , as determined by BET- 
No adsorption technique. The decrease in surface area was attri- 
buted to the reduction in pore diameter by sulfur. Two methods 
were adopted for verification of the presence of sulfur. The 
differential thermal analysis failed to detect sulfur in the used 


bauxite catalyst and it was felt that the sulfur content might be 
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lower than the sensitivity of such measurement device. On the 
other hand, electron probe measurements indicated the absence of 
sulfur from fresh bauxite catalyst but approximately 10% sulfur 
content was found to be dispersed uniformly within used catalyst. 
Karren [64] conducted rate measurements on HS/S0, reaction over 
the same bauxite catalyst used by McGregor. Nitrogen was intro- 
duced into the reactor to purge the catalyst for 2 h after his 
experimental runs. Subsequent chemical analysis according to the 
procedure described by Skoog and Bartlett [131] showed that 2.0 
weight per cent sulfur still remained in his catalyst. 

Kerr et al. [65] concluded that elemental sulfur was found 
to be an effective poison (but regenerable) for Claus catalysts 
(bauxites or activated alumina). They found that condensed 
sulfur, present in levels as high as about 30 w/w %, could comple- 
tely deactivate a catalyst, but this could be prevented by proper 


operation above the sulfur dew point. 


2.3.3.2. The Oxidizing Properties of Y-Alumina 


In recent years the oxidizing power of alumina has received 
some attention [12, 9]. Two methods have been adopted to investigate 
such oxidizing properties. Both of them involve contacting the Y-alumina 
with an adsorbate. One examines the possible formation of the oxidation 
product as the contacting period is extended, mostly by infrared 
spectroscopy. The other measures the changes in e.s.r. signal arising 
from the adsorbate-adsorbent interaction. 

Parkyns [98, 99] studied the adsorption and oxidation of 


carbon monoxide on Y-alumina using infrared spectroscopic technique 
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and observed the formation of carbon dioxide as well as surface 
carbonate. This was considered to indicate the presence of oxidizing 
centers on the surface of Y-alumina. Such centers could be removed by 
treatment with hydrogen and regenerate by contacting with oxygen again. 
In another piece of work, Parkyns [98] detected nitric oxide on the 
Surface of Y-alumina which had been subjected to extended heating in 
vacuo. It was suggested as a result of this work that nitric oxide was 
produced from molecular nitrogen reacting with strained bridges formed 
by progressive dehydration [104] as also envisaged by Cornelius et al. 
[27]. The mechanism depicted below was proposed to account for the 


generation of such strained oxygen bridges. 


OH OH 0 
| | heat Ze 
A 6) ey evacuate: cAl—- 08 Ale = H,0 (25930) 


Parkyns does not believe that dehydration creates oxide-type free 
radicals because Scott et al. [129] reported no e.s.r. signal detection 
in the examination of dehydrated Y-alumina. The strained oxygen 
bridges were regarded to be the "oxidizing centers" which were named by 
Parkyns earlier and capable of oxidizing CO to C0,. A further interes- 
ting point mentioned by Parkyns is the ability of adsorbed nitric oxide 
to restore oxidizing properties to the Y-alumina which has been reduced 
by CO. Tamele [135] and Cornelius et al. [27] reported that a remark- 
able amount of heat was released when water was contacted at 100°C 

with the carefully dehydrated alumina. This may be an indication of 


the reverse of the creation of strain oxygen bridges by dehydration. 
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In fact, during such hydration-dehydration process, it is difficult to 
distinguish between the oxygen of water and surface oxide. This has 


been demonstrated by several published and unpublished works. Mills 


and Hindin [87] noticed that by adsorbing H 18 


16 


0 ~ on hydrated alumina, 


2 
H,0 could be recovered upon subsequent heating and evacuation. The 
oxygen isotope exchange (0'8 7916) also takes place between CO. and the 


] 


Z 


Y-alumina surface [38]. Using 0, Te Eley and Zammitt [35] concluded 


that oxygen could exchange with the surface y-alumina. Notari [95] in 


Studying the mechanism of alcohol dehydration on Y-alumina, feels that 
alumina should be considered as a reactive solid, in which both cation 
and anion vacancies are present. The interaction of water with such 
Surface vacancies can be depicted as follows 

H,0 + 00 + OH OW (25531) 
(where * is Al and O is a surface anion vacancy. For simplicity, the 
bonds between Al and 0 are represented as completely ionic. This, of 
course, is only partially true; the ionic character of the bond being 
very strong but not complete). 

Flockhart et al. [39] studied the eletron-transfer properties 
of Y-alumina using e.s.r. analytical method and suggested two types of 
active eletron-transfer sites in existence on the surface. One type of 
active site which is capable of oxidizing hydrocarbon ds probably of 


the molecular nature. The other type of oxygen which predominate in 


the silica-aluminas of low alumins content, would not affect the adsorbed 


hydrocarbon over a long period of time. 
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2.3.3.3 Formation of Sulfates 

Marrier and Ingraham [80] did a thermodynamic study and 
concluded that most metallic oxides could react with SO, to significant 
levels. But in practice, many reactions could not be observed because 
of slow rates. They [81] also did an experimental study on the reaction 


between MgO and SO Their results showed that MgO was sulfated by SO 


9° 
and not by S0, nor the mixture of 50, and 05. On the other hand, if 


3 


Fe,0. was impregnated into MgO, substantial sulfation of MgO by S0,/05 


mixture occurred. According to their explanation, this was because 
Feo0., catalyzed the reaction between SO, and 0, to form S03. 

Pearson [102] analyzed the used alumina catalyst of industrial 
Claus sulfur plants and found that sulfation on the order of 2% by 
weight occurred on the catalyst surface. According to Graulier et al. 
[50] and Pearson, this 2% sulfation occurs by the reaction of 
chemisorbed 50, and the oxide sites of catalyst surface or through 
dehydroxylation of the catalyst surface. Neither of them proved the 
nature of the real form of sulfation species. Both believed that 
whatever the form, sulfate could be reduced from the catalyst by HoS. 
The presence of oxygen also enhanced the sulfate formation while even 
minute amounts of S03 could result in sulfate formation. They found 
that sulfate formation deactivated the catalyst. 

Kerr et al. [65] concluded from their experimental work that 
the presence of HS and/or 0, greatly enhanced the sulfation rates of 
activated alumina and bauxite by S0,- The levels of sulfate formation 
measured by Kerr were lower than those measured by Pearson (2.5%). 


Kerr also observed that in field operations of industrial Claus sulfur 
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plants, the sulfate concentrations on the catalyst increased in the 
downstream convertor beds. He could not determine the primary cause 
of this behavior. 

All sulfate measurements in the published works discussed 
here were of the wet chemical analysis type. None of the published 


works could confirm the form of sulfation. 
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CHAPTER III 
REAGENTS AND CATALYST 

3.1 Reagents 

To facilitate discussion, the reagents used in the present 
work may be briefly classified into three groups as described below. 
3.1.1 Reagents used for Kinetic Studies 

The reagents used for kinetic studies are summarized in 
Table 3-1 where H,S and SO. are reactants,H,0 and S are products of the 


Claus reaction and N was used as carrier gas for reaction rate 


measurement. 
Table 3-1 Reagents used for Kinetic Studies 

Components Suppliers Purity (Spec. Impurity 
No Alberta Oxygen Ltd. 99.99% min 05 
H»S Matheson Co. 99.50% min CO, COS 
SO, Matheson Co. 99.98% min CO. 
Ho0 distilled water = - 
S Jel beaker aco. 99.95% min - 


The nitrogen gas cylinders received were analyzed by mass 
spectrometer and gas chromatograph before use. An impurity of 
0.01% 0, in No cylinder will produce a 0.0091/3 0,/S0, ratio in a 
feed stream which contains 91% N,, 6% HS and 3% SQ. In other words 
the 0. introduced is roughly equivalent to 0.3% of the SO, in the 
feed stream and can compete with SO, to react with H)S. As a result, 
the reaction rate measured would not represent entirely that between 


HS and SO,. Any cylinder of N, which contained more than 0.01% of 
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0. in it was rejected. 

Both H2S and SO. gas cylinders were used as received without 
further purification. One cylinder of each was sufficient for the entire 
kinetic study. No water could be detected by mass spectrometer in the 
Nos Hos and 50, cylinders used. 

The distilled water was purified (mainly to remove dissolved 
0.) by repeated freezing in liquid No followed by thawing under 


vacuum. The sulfur was used as received without further purification. 


3.1.2. Reagents used for Studying Adsorption and Surface Reaction on 
y-Alumina 


The reagents used for studying adsorption and surface reaction 
on y-alumina are summarized in Table 3-2. The first two components 
in Table 3-2 have been described in the previous section. 


Table 3-2 


Reagents used for Adsorption and Surface Reaction 
on y-alumina 


Components Suppliers Purity (spec. Impurity 
H»S Matheson Co. $9.50% min CO., COS 
SO. Matheson Co. 99.98% min CO. 
Ho Matheson Co. 99.95% min - 
05 Alberta Oxygen Ltd. 99.98% min No 
CoHeN Fisher Scientific Co. Ltd. Spectroscopic - 
Grade 
NH3 Matheson Co. Spectroscopic 2 


Grade 
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Components Suppliers Purity (spec. ) Impurity 
BF 3 Matheson Co. Spectroscopic - 
Grade 
HC] Matheson Co. Spectroscopic - 
3 Grade 
CH3COOH Fisher Scientific Co. Ltd. Spectroscopic - 
Grade 


Pyridine and acetic acid were received in liquid bottles 
and were both subjected to repeated freezing in liquid air and 
thawing under vacuum before use. They were introduced into the 
system aS vapor (amount controlled by vaporization temperature). 
Other chemicals in Table 3-2 were used as received in gas cylinders 
without further purification. Traces of nitrogen were detected in 
the oxygen gas cylinder but no contamination could be found in the 
hydrogen cylinder by mass spectroscopic and gas chromatographic analysis. 
No detectable impurities could be detected in NH3, BF3 and HCl gases 
by infrared spectroscopic analysis. 

The hydrogen and oxygen gases were used for pretreating 
y-alumina catalyst while the detailed uses of other chemicals in 
Table 3-2 will be described in Sections 6.1 to 6.4. 

3.1.3. Reagents used for Studying Sulfate Formation on y-alumina 

The reagents used for studying sulfate formation of 

y-alumina are summarized in Table 3-3. The first four components in 


Table 3-3 have been described in the previous two sections. 
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Table 3-3 


Reagents used for Studying Sulfate Formation 
on y-alumina 


Components Suppliers Purity (spec. Impurity 
H Matheson Co. 99.95% min - 
H0 distilled water - = 
0. Alberta Oxygen Ltd. 99.99% min No 
SO, Matheson Co. 99.98% min CO. 
S03 diva Baker>rCo: C.P. Grade 5 
BaCl., Fisher. Scientific Co. Ltd. C.P. Grade - 
HC] Fats he” iScirensaithtnicrs0,. sltd5r (CkP.S Grade - 


The sulfur trioxide was received in liquid form sealed in 
a pressure glass bottle. To facilitate application, the pressure 
bottle had to be broken and liquid S03 transferred quickly into 
another glass container fitted with a glass stopcock. The liquid SO; 
was then isolated from the atmosphere to prevent the formation of 
H»SO, with the water vapor in ambient air. The sulfur trioxide was 
then used without further purification. Both HCl and BaCl, were used 
as received without further purification. The detailed description on 


the application of the chemicals in Table 3-3 can be found in 


Section 6.5. 


3.2 Alumina Catalysts 


Only one type of catalyst was used in the present study. 
It is the Y-alumina supplied by the Cabot Corporation, Boston, 


Massachusetts under the trade-name Alon. Alon is a fumed alumina 
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containing extremely small particles made by the hydrolysis of 
aluminum chloride in a flame process. The extremely small particles 
allowed Alon to be pressed into wafers suitable for infrared 
Spectroscopic studies. When a wafer was compressed from about 

100 mg of Alon powder and placed into the sample beam of the infrared 
Spectroscopy with air as reference, the recorded transmittance at 

4000 cm”! wavelength was around 80%. This showed that Alon caused 
little scattering in the infrared beam and hence provided good 
sensitivity for infrared spectroscopic studies. The typical properties 
of this catalyst, as specified by the manufacturer are listed in Table 
3-4. The surface area of this catalyst, after pressing into wafers 
was 9] m¢/q, as determined by Chuang [23] using the standard BET 
method (15) of nitrogen adsorption. The adsorption isotherm as 
measured is shown in Figure 3-1. The pore size distribution, calcu- 
lated according to the procedure reported by Gregg and Sing [52], 


is shown in Table 3-5 and plotted in Figure 3.2. 
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Typical Properties of Alon 


Color and Form 

X-Ray Structure 
Alumina Content* 
Ignition Loss 

Peralilic Oxides ** 
Avg. Particle Diameter 
Surface Area 

pH (10% Aqueous Suspension) 
Specific Gravity 

Loose Density 

Bag Bulk Density 


Refractive Index 


Note: 


**Other than A103 


Table 3-4 


from Cabot 


White Powder 

90% Gamma Form 

99% minimum 

4.5% maximum 

0.2% maximum 

0.03 micron 

100 m2/g 

4.4 

3.6 

1.8 = 240 lbs/cua ft. 
3.0) =.40° 1ps/-cug ft. 
oO 


*Excludes physically and chemically combined water 
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Figure 3-1. 
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Adsorption Isotherm of y-Alumina (Alon). 
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Relative Distribution 


Figure 3-2. 
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Pore Size Distribution for y-Alumina (Alon). 
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Table 3-5 


Pore Size Distribution for the Alumina Catalyst 


a nee Toe Pe 
029751 86.59 398 0.0 
O97 29 19-62 364 0.22 
Q-917/ 77.46 124 0.00 
0.8979 ERAS 100 0.22 
0.8794 62.77 85 0.90 
0.8754 De 92 83 Sho) 
0.8428 26.42 66 e203 
0.818] 18.68 58 oll 
0.787] 13.03 49 0.82 
0.7499 oe 42 0.48 
0.7106 7.40 36 0.26 
0.6079 5.66 27 Des 
Notes: P/Po = adsorbate gas phase pressure/saturation vapor pressure 

V = volume of the adsorbate adsorbed 

rp = pore radius of the adsorbent. 


According to the plot, the majority of tne pore had a size of around 
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CHAPTER IV 
ADSORPTION AND SURFACE REACTION OF Y-ALUMINA 


4.1. Experimental Equipment 

The experimental equipment employed in the study of adsorption 
and surface reactions on Y-alumina included mainly the infrared cell 
and the vacuum system. The simple design and its easier handling was 
advantageous because of the numerous repeated steps needed for intro- 
ducing gases into the infrared cell, for evacuation of the infrared 
cell and the catalyst wafer, and for inserting the infrared cell into 


the infrared spectroscopic compartment. 


4.1.1. Infrared Cell 
A sketch of the infrared cell, consisting of two sections, 
is indicated in Figure 4-1. The bottom section of T-shape was 
fabricated from two 34 mm ID quartz tubes. The shorter 3 inch long 
arm of the "T" is used as an analytical compartment. The two ends of 
the "T" are sealed by two NaCl disc-shaped windows. These NaCl discs, 
transparent to infrared light in the range of frequencies used in the 
present work, are the windows of the analytical compartment. A 
silicone rubber potting compound (Fisher Scientific Co., Catalogue 
No. 4-769-5) was used to cement the windows to the quartz body with 
vacuum-tight joints. The procedure of sealing included: 
1) Ensuring that the circular edges of the analytical 
compartment are clean, flat and dry. 
2) Applying a layer of the potting compound about 1.5 mm 
thick to one of the analytical compartment circular 


edges. 
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Fiqure 4-1. Infrared Cell for Adsorption Studies. 
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3) Clamping the T-shaped cel] to a stand so that the 
circular edge to be cemented with potting compound 
is horizontal upwards. 

4) Ensuring that the surface of the NaCl window to be 
bonded is clean (avoid contacting fingers with the flat 
surfaces of the window) and then press the window gently 
and firmly to the quartz surface with potting compound. 
No air bubbles should remain between the contacting 
surfaces. 

5) Re-adjusting the T-shaped equipment until the NaCl window 
sits horizontally. Place a 50 gm weight on it and let 
LS) e ahOro cn 

.6) Repeat steps 1) to 5) for the second NaCl window. 

7) The complete assembly should be allowed to cure for 12 h. 

The sealing compound will maintain 107®mm of Hg vacuum and 
its elasticity cushions against thermal shock from differences in 
thermal expansion between the quartz tube and the NaCl windows. Its 
physical and chemical stabilities were good up to 250°C. To dismantle 
the windows, tne T-shaped compartment was placed within an oven and 
the oven temperature was increased from room temperature to 400°C 
in 3h. After 10 h in the oven at 400°C, the potting compound 
disintegrated and the NaCl windows would drop from the sealed joint. 
About 12 h of annealing time should be allowed wnile the NaCl windows 
cool to room temperature in the oven. 

The longer arm of the T-shape compartment is used as a 

heating section. The heating zone could not be located in the 


analytical section of the cell because of the thermal limitation of 
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the potting compound. The heating section was wrapped with nichrome 
heating coil (25 ohm) externally insulated with 1/2 inch thick asbestos. 
This section could be heated to any temperature up to 650°C by 

changing the voltage supplied to the coil. The end of this section is 
equipped with an open ground glass joint. | 

The upper section of the cell was equipped with a stopcock 
for introducing gases or for evacuating the cell. The two prongs 
Projecting upwards house the two extensions from the sample holder. 
This design allows the sample holder to glide up and down from the 
infrared cell without rotating by means of an external magnetic lift. 

The lower portion of the sample holder consisted of two 
quartz rings 2.52 cm I.D. and 2.54 cm 0.D. The two rings are joined 
together with a 2mm thick slit between the rings. The catalyst wafer 
‘was supported between the two rings inside the slit. 

When a catalyst wafer was prepared, it was placed onto a 
thin surface (such as a clean razor blade) and then inserted horizon- 
tally into the slit of the sample holder. Keeping the sample holder 
and contained wafer horizontal, the two arms of the sample holder 
were then inserted into the two corresponding enclosures of the 
infrared cell cover. The cover and the sample holder were then 
attached to the main body of the infrared cell with a well-greased 
vacuum tight joint. By rotating the cover inside the infrared 
cell, the catalyst wafer could be positioned parallel with the cell 
windows and normal to the incident IR beam. After clamping the cell 
to a stand (the catalyst wafer being kept in a horizontal position), 
the sample holder and the catalyst wafer were moved to the lower 


portion of the cell by lowering with the external magnet. As required, 
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the catalyst wafer could be located in either the heating or the analy- 
tical sections of the cell. It is imperative that all movement of the 
wafer carriage be slow to prevent the catalyst wafer from falling off 
or colliding with the inner wall of the infrared cell. The catalyst 
wafer and/or the sample holder was always lowered to the bottom of the 


cell before the infrared cell is rotated to the vertical position. 


4.1.2. Vacuum System 


The vacuum system consisted of a mechanical roughing pump 
(Welch Scientific Company, Skokie, Illinois, Model No. 1405), a two- 
Stage mercury diffusion pump, one Pirani vacuum gauge (Edwards High 
Vacuum Limited, Model G9) and a glass vacuum rack. The glass rack 
was equipped with four one-liter glass reservoirs, a mercury manometer 
and several glass stopcocks. The liquid nitrogen trap was installed 
to prevent the oil or mercury vapour from diffusing backwards into the 
infrared cell. The trap also prevented undesirable gases such as 
hydrogen sulfide or sulfur dioxide from entering the vacuum system or 
the vacuum pump. The thermos-insulated traps were refilled with 
liquid nitrogen every 12 h to ensure continuous operation. The vacuum 
system could be evacuated to 5 x 10°° mm Hg absolute pressure as 
measured by the Pirani gauge. This pressure increased to 1 x il mm 
Hg after the vacuum system was isolated continuously for 24 h from the 
liquid nitrogen traps and the vacuum pump. 
4.2 Preparation and Pretreatment of Catalyst Wafer 

About 100 mg of the catalyst powder were pressed between two 
pieces of smooth firm paper (such as recording-chart paper, Perkin- 


Elmer Co., Part No. 221-1613) by stainless steel dies (2.54 cm 
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dia.) at about two tons/cm2 pressure for about 10 sec. The wafer 
was then ready to be pretreated in the infrared cell. 

The infrared cell with catalyst wafer was evacuated for 
about 10 min at room temperature before being heated and degassed at 
400°C for 2h. It is imperative that evacuation be carried out prior 
to heating or else the water retained by the y-alumina, after its 
long exposure to the atmosphere, would yapourize upon heating and 
would condense on the relatively cool infrared windows. The water 
will etch the NaCl surface reducing it IR transparency necessitating 
repolishing of the windows. The heating of infrared cell should be 
carried out slowly (about 5°C per min) and dry cool air should be 
blown on windows during the heating process. After the wafer in the 
infrared cell had been degassed for 2 h at 400°C, it was then heated 
with 10 cm Hg ocygen for 2 h followed by degassing for 2 h, all at 
400°C. This step was repeated with hydrogen in place of oxygen. 
Subsewuently, the cell was degassed overnight at 400°C and then 
cooled slowly to room temperature. At this stage, the catalyst 


wafer was ready for experiments using the infrared spectrophotometer. 


4.3 Experimental Procedure 


Different experimental procedures were used during the 
studies of adsorption and surface reactions of y-alumina, Some 
standard procedures were followed in all the studies, for example, 
the methods of recording infrared spectra or of comparing the baseline 
spectra of y-alumina with those absorbates. Other procedures were only 
used for a particular study, for example the impregnation of sulfate 


containing y-alumina into NaBr or NaCl. These latter experiments will 
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be discussed in detail in the following sections. 


4.3.1 Recording Infrared spectrum 


After a catalyst wafer was prepared and pretreated (as 
mentioned in Section 4.2), it was lowered carefully to the bottom of 
the infrared cell and positioned parallel to the infrared cell 
windows. The infrared cell was then transferred slowly to the infrared 
spectrophotometer for recording of the baseline spectrum. The method 
of recording a baseline spectrum is the same as that used for 
recording spectra of any adsorbate plus adsorbent. 
4.3.1.1. Without Gas Phase Interference 

The infrared cell was placed in the sample-beam side of the 
analytical compartment of the infrared spectrophotometer and was 
Clamped in vertical position. Because the infrared beam is higher than 
the platform of the analytical compartment of the infrared spectro- 
photometer, the catalyst wafer was carefully aligned to the center of 
the infrared sample beam. The position of the infrared cell was then 
adjusted carefully so that its longitudinal axis was parallel to the 
infrared team. 

The correct detailed operating instructions for recording the 
infrared spectrum, etc., are described in the Perkin-Elmer Model 621 
Manuals. In essence, after the infrared spectrophotometer was 
Switched on and satisfactory operating conditions were achieved, 
the drum chart paper was synchonized to the starting frequency 
(4000 cm-!) of the infrared spectrophotometer, and matched with the 
pen reading on the chart paper of the recorder. The position of the 
infrared cel] was readjusted in two directions both normal to the 


IR beam to produce the highest transmittance. 
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The Perkin-Elmer model 621 infrared spectrophotometer is 
equipped with an attenuator in the reference beam. This was used in 
cases where substantial scattering of the infrared beam is caused by 
the catalyst wafer (especially in 3000-4000 cm) frequency range of 
the infrared beam). The slit opening, which is directly proportional 
to the square root of-the reciprocal of the original transmittance, 
can then be decreased to compensate for the loss in energy (intensity 
of light) from scattering. On the other hand, decreases in slit 
opening reduce the total amount of light in the reference beam and 
would also reduce the sensitivity of analysis. 

By adjusting the slit opening, the transmittance indicated 

by the pen reading should be set at about 80%. For best results, the 
| transmittance reading should lie between 10% and 90% throughout the 
entire range of infrared scan. This is achieved by stopping the scan 
and readjusting the slit opening as needed from time to time. The 
Scanning range of a Perkin-Elmer Model 621 infrared spectrophotometer 
is from 4000 to 200 chi frequency and the scanning speed is variable. 
Since the Y-alumina shows strong infrared absorption at frequencies 
below 1000 cnn scans involving Y-alumina were terminated at 1000 on. 
For better accuracy, slower scanning speeds should be used. In 
spectral frequency ranges of no interest, the scanning speed was 
increased. In general, the speed of the entire scan for an unknown 
analysis should preferably be on the slow rather than fast side. 

For thin relatively transparent Y-alumina wafers, the 
slit opening in the attenuator should be increased until the 


transmittance readings lie between 10% and 90%. The disadvantage 
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of using a thin wafer is that it is more difficult to prepare, easier 
to break, and reduces the amount of adsorbate. For wafers which are 
either thicker or darker colored, the transparency is greatly reduced 
and the slit opening in the attenuator should be decreased. The 
reduced sensitivity from using a thick wafer is balanced against the 
need to obtain an increased amount of adsorbate. 

Figure 6-1 shows a typical baseline spectra for Y-alumina. 
The reproducibility of the baseline spectra was very good for diffenent 
Y -alumina wafers. The only observable difference between the 
different equal-weight Y-alumina wafers was in the intensity of the 
spectral bands of the hydroxyl groups around 3600-3800 om”), The 
maximum difference measured in this work, about 10%, was largely 
attributable to the speed of heating and evacuation of the catalyst 
wafers. If the analysis of the gas phase in contact with the Y-alumina 
wafer was required, the wafer could be lifted out of the infrared beam 
with the external magnet. 
setae Witn Gas’ Phase ‘Interference 

During the recording of a spectral scan mentioned in Section 
4.3.1.1, air was used in the reference beam of the infrared 
Spectrophotometer. Because carbon dioxide in the atmosphere could 
affect the spectral results, when critical, an identical evacuated 
infrared cell was placed in the reference beam. On the other hand, 
if the infrared spectrum for Y-alumina in contact with a gas was 
required, the spectral bands of the gas could interfere with the 
surface spectra. Under such circumstances, an identical infrared 
cell containing the same gas at the same pressure as in the infrared 


cell in the sample beam could be placed in the reference beam. In 
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this way, the infrared signal from the gaseous adsorbate registered 
by the Parole beam is cancelled by that of the reference beam. 
4.3.2. Adsorption-Desorption Studies 

Biter he baseline spectrum of the catalyst wafer was 
recorded, the infrared cell was secured to the vacuum rack for ad- 
sorption-desorption experiments. All sections upstream of the infrared 
cell stopcock were thoroughly evacuated before introducing any adsor- 
bate gases. When the vacuum level was adequate, the stopcock of the 
infrared cell was opened to the vacuum rack. With the cold traps and 
vacuum pump isolated from the system, adsorbate(s) could then be 
introduced into the infrared cell. The pressure of the adsorbate could 
be measured by the manometer. During the initial contact with the 
wafer, the gas pressure could drop quite significantly due to adsorption. 
The readings on the manometer were constantly observed until the 
pressure stabilized. The final pressure was then recorded. During 
this period, any change in the color of the wafer was carefully 
observed. After the required time of adsorption, the infrared cell was 
isolated and transferred to the infrared spectrophotometer for analysis. 
Spectra so recorded, could be compared to the baseline spectrum. 

The adsorption could be carried out at higher than room 
temperature by lifting the catalyst wafer into the temperature- 
controlled heating section. 

After the spectra were recorded, the infrared cell contain- 
ing the adsorbate(s) was transfered to the vacuum rack. Further 
evacuation could be performed over any desired period of time and 
at any selected temperature. The infrared spectra from the catalyst 


wafer which had been under such treatment could then be recorded. 
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These spectra were compared to those from the adsorption study and 
to the baseline spectrum. 
4.3.3. Surface Reaction of y-alumina 

The surface reactions of y-alumina, as investigated herein, 
included three main studies: (1) oxidizing property of y-alumina, 

(2) adsorption and reaction sites for H,S and SOQ.; and, (3) formation 
of sulfate on y-alumina. The experimental procedures, being rather 
involyed, will be described separately in Section VI with the results 
and discussions. 

The analytical method used in the studies of the oxidizing 
property of y-alumina and in the examination of the adsorption and 
reaction sites for H,S and SO, was the same as that described in 
Section 4.3.2. Two methods used ini tne study of the formation of 
Sulfate on y-alumina, different from that in Section 4.3.2., will be 
described here. 

Since the y-alumina shows a strong spectral band near 
1000 cm-1!, spectral bands in this frequency range from other possible 
surface species could be masked by the strong band. To overcome 


this problem, two methods could be used. One method uses a smal] 


portion of tne y-alumina, previously used in the required experiments, 


mixed with NaCl or NaBr powder. A wafer prepared from this powder 
mixture according to the method described in Section 4.2, even though 
a smaller amount of y-alumina was used, resulted in spectral bands 
which were smaller but which were well inside the detection range of 
the infrared spectrophotometer. The disadvantage of this method is 


that the quantity of that species under investigation being reduced, 
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proportionally decreases the sensitivity of analysis. The second 
method involved preparation of an equivalent (same size and weight) 
pure Y-alumina wafer which could place in the reference beam of the 
infrared spectrophotometer. The strong infrared band of Y-alumina 
detected by the sample beam could then be compensated by that in the 
reference beam. Only the spectral bands of those components present 

on the sample side Y-alumina wafer but not on the pure Y-alumina 

wafer in the reference beam could be recorded. In this manner, spectra 
could be recorded without interference from the strong alumina band 


] 


around 1000 cm. The weakness of this method arises from the 


difficulty encountered in the preparation of two equivalent wafers. 
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CHAPTER _V 
STUDIES ON KINETICS AND MECHANISM 


a a EN 


9.1 Experimental Equipment 


A schematic diagram of the experimental equipment used in the 
Studies of kinetics and mechanism is shown in Figure 5-1. It comprises 
a feed system, an infrared cell-reactor, a recirculation pump, water 
and sulfur condensers, a temperature control and recording system, 
and flow measurement devices. Other than the infrared cell windows 
which were either CaF, or NaCl, all material of equipment construction 
was 316 stainless steel. 

McGregor [84] studied the kinetics of the same reaction 
system but he used a bauxite catalyst. His conversion results were 
calculated by analyzing and comparing the reactant concentrations 
in the feed and product streams using gas chromatography. To analyze 
the product stream the sulfur vapor was first condensed. Karren [64] 
continued McGregor's work by using the same reaction apparatus but a 
larger sulfur condenser and discovered that liquid sulfur could 
catalyze the reaction between the unconverted H,S and SO, in the 
gaseous product stream. This effect was also observed by Chuang [22] 
later. As a result, the calculated conversions would include both the 
bauxite catalytic effect and the added conversion obtained in the sulfur 
condenser. To avoid this problem, the equipment used in the present 
work was designed so that reaction conversion could be measured 
in sdtu in the reactor using an infrared spectrophotometer. Hence, 
the chemical analysis could be done without changing the condition, 


i.e. composition, of any streams. 
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The equipment depicted in Figure 5-1 was mounted on a mobile 
rack which could be moved up to the infrared spectrophotometer when an 
analysis was required. This arrangement was used to prevent the need 
of stationing the hot reactor permanently in the analytical compartment 
of the infrared spectrophotometer. It would, thus, also free the 
infrared spectrophotometer for other analytical uses whenever required 
and to prevent excessive heat radiated from the hot reactor to the 
sensitive components of the infrared spectrophotometer. The decision 
on whether the infrared spectrophotometer or the equipment should be 
mobile was made solely on the basis of convenience. Moreover, the 
desirability of levelling the infrared spectrophotometer in a horizon- 
tal plane was facilitated by keeping it stationary. 

The various components of the experimental equipment will be 
described in the following sections, except the water and sulfur 


condensers which were similar to those used by McGregor [84]. 


5.1.1.. Feed System 


The feed system allowed blending of various chemical species 
which were of interest in the present work prior to their introduction 
into the reaction system. Gaseous reactants (hydrogen sulfide and 
sulfur dioxide) and diluent (nitrogen) were supplied from cylinders 
and the supply pressure was determined by gas regulators. The flow 
of each gas was controlled by a needle valve. A Matheson 601 
rotameter was used for nitrogen and Matheson 602 rotameters were used 
for hydrogen sulfide and sulfur dioxide to provide a visual indication 
of the rate as well as the steadiness of the continuous flow. The 
reactants and nitrogen were combined and mixed first in a manifold 


and then a surge vessel. This set up was capable of providing a 
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continuous constant composition feed stream, as confirmed by repeated 
continuous analysis using gas chromatograph and infrared spectrophoto- 
metry. Hence, the venturi mixer as used by McGregor [84] was unneces- 
sary. The gas dryers were also not installed because from mass 
spectrometric analysis, even traces of water could not be detected in 
the various gases used. After the surge tank, a small fixed portion of 
the feed stream was continuously bled to the gas chromatograph for 
analysis while the major portion went to the reactor. The reason for 
using agas chromatograph in addition to the infrared spectrophotometer 
for chemical analysis will be explained in Section 5.2. The flow rate 
of the feed stream to the reactor could be varied by monitoring the 
size of the portion to the gas chromatograph without upsetting the feed 
composition. The feed stream entered the preheat section before procee- 
ding to the reactor. The preheat section consisted of a two feet long 
1/4 inch diameter tubing wound with nichrome wire and insulated by 1/4 
inch thick asbestos tape. The feed stream could be preheated to the 
reactor temperature at the reactor entrance. The heat load to the 
preheat section could be varied by the voltage input to the nichrome 
wire using a Variac. A manifold with three lines was installed at the 
entrance of the preheat section to allow the introduction of water, 
sulfur or other reagents into the reactor. These supply lines were 
also wound with nichrome wire and insulated with asbestos tape so that 
water, sulfur or other liquid reagents could be vaporized before 
entering the preheating section. It is of utmost importance that al] 
the liquid reagents be vaporized before they enter the infrared cell- 
reactor. If not, the CaF, or NaCl windows could be shattered by the 


thermal shock imposed by the vaporization of these liquid reagents. 
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One of the lines on the manifold before preheat section was fitted with 
a Matheson 602 rotameter to allow the introduction of the gaseous 
reagents like NH. or HCl. 

A Sage Model 355 syringe pump (Sage Instruments , Inc., White 
Plains, New York) was employed to inject water and other liquid 
reagents into the feed system. A set of driving gears in the syringe 
pump enables one to infuse liquid continuously at various flow rates 
using any single syringe with a ratio of 25,000 to 1 at the maximum 
and minimum settings. A pair of gears on top of the pump engage the 
mating racks on the drive carriage and push it to force the syringe 
piston forward smoothly. The speed of movement of the syringe piston 
ensured reproducibility of + 0.3% full scale regardless of the 
difference in back pressure. This means that a continuous constant 
liquid feed supply could be guaranteed independent of the reactor 
pressure. This was possible because an electronic feed back circuit 
regulated the permanent magnetic DC motor to drive the pump. A 
Hamilton 50 c.c. glass-wall syringe (Catalogue No. 1050) was employed 
to hold the liquid reagent. A Teflon-coated piston enabled the gas- 
tight movement during the feeding of liquid. The calibration of the 
syringe feeder is shown in Appendix C. 

The sulfur was introduced into the feed system by bubbling 
nitrogen gas through a molten sulfur reservoir which was a 3 in. 
diameter 8 in. long cylinder fabricated from 316 stainless steel. It 
was wound with nichrome wire and insulated with asbestos tape. The 
temperature of the sulfur reservoir could be changed by manipulating 
the voltage supply to the nichrome wire using a variac. A fixed flow 


rate of nitrogen gas was bubbled into the molten sulfur in the reservoir 
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to carry a finite amount of sulfur into the reaction system. By 
changing the temperature of the sulfur reservoir, various amounts of 
sulfur could be introduced into the feed system. The sulfur feed was 
calibrated at various temperatures at a fixed nitrogen gas flowrate 


and the results are shown in Appendix E. 


Spl ece) Recirculation ‘Punp 

A double-acting magnetic solenoid reciprocating pump 
constructed by the machine shop, Department of Chemical Engineering, 
University of Alberta, was employed to recycle the gases around the 
recirculation loop of the reactor. The construction of the pump has 
been described elsewhere [23]. All material of construction of the 
pump, except the check-valves, o-rings and pump piston, is of 316 
stainless steel. The check valves and o-rings were made of Teflon 
and the pump piston was machines from mild steel. Both suction and 
discharge check-valves were formed from Teflon disks which were back 
seated with stainless steel springs. 

The pump cylinder was made of one inch I.D. tubing screwed 
into a 2-1/2 inch 0.D., 2 inch long head at each end. Two straight- 
thread connectors of 1/4 inch I.D. were bored in each of these two 
heads. The check-valve disks were seated against the threaded end of 
the connectors. A "Swagelock" fitting was screwed onto each of the 
four straight-thread connectors. Through the "Swagelock" fittings, the 
two suction check-valves were connected to a common tee by 1/4 inch 0O.D. 
tubing, so as the two discharge check-valves. One tee was connected to 
the external suction line and the other was connected to the external 
discharge line. The total length of the pump body was 13-3/4 inch and 


the overall piston length was four inches. 
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During the pumping operation, the piston travels reciprocally 
from end to end in the pump body tubing. Under such motion, one end 
of the pump body is under compression while the other end under suction. 
The check-valves were designed in such a way that. the suction check-valves 
were opened with the suction and closed with the compression in the 
pump body. The ppposite pattern applied to the discharge valve, i.e. 
closed under suction and opened under compression. Since there is one 
suction check-valve at each end of the pump body and the two suction 
valves as well as the two discharge valves are connected to a common 
Suction and discharge line respectively, gases can be continuously 
sucked into and discharged from the pump by the reciprocating motion 
of the piston. 

Three coils, each occupying a 3 2/3 inch length of pump body 
and separated from each other by a 1/4 inch asbestos fiber disk, were 
wound around the pump cylinder. Each coil consisted of approximately 
2500 turns of No. 25 enameled copper wire. The enameled coating on the 
copper wire was stable to a temperature of 275°C. The three coils were 
separate coils and were not connected to each other. As DC power was 
Supplied alternately in sequence to the three coils, the piston could be 
reciprocated between the ends of the pump cylinder through the magnetic 
force generated by the electric current. 

The external electronics of the pump consisted of a DC power 
supply, a master clock, three wave shaper, counters, decoders, delays 
and power stages. The actual power supply was from the 110 volts AC 
Current which was then converted by a rectifier into the 25 volts DC 
Current. The master clock determined the speed of the reciprocating 


motion of the pump by transmitting electric pulses at various preset 
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frequencies to switch on and off the three pump coils alternately. 

Each pulse transmitted would switch on one coil once. The wave-shaper 
was a device that modified the electric pulses into rectangular shape. 
The counters and decoders converted the analog pulses into digital 
pulses which provided the on-off operations. The delays determined 

the span of time in which each pump coil should be on the off position 
before it was switched on again. They were adjusted so that the 
adjacent delays were off-phase by 90°. The current transmitted by the 
decoders was not powerful enough to activate the pump coil. Asa 
result, the power stages were employed. They connected each pump coil 
to the 25 DC volts power supply every time a signal was decoded to that 
coil by the decoder. At the construction stage of the pump electronic 
components (decoders, wave shapers etc.), the problem of overheating of 
these components was not expected and as a result, no fan-cooling 
system was built in. A continuous air-purge cooling system was added 
later when this was found to be necessary to assure stable pump 
operation at the trial run stage. 

The temperature in the pump cylinder could reach 135°C after 
the piston had been reciprocating over a long period of time even 
without external heat supply. Besides the pump coil section, the 
whole pump plus the tubings were wound with nichrome wire and then 
insulated with asbestos tape. By varying the voltage input to the 
nichrome wire iene a Variac, the temperature of the pump cylinder 
could be operated between 135°C to 275°C. As mentioned earlier, 
the 275°C temperature limitation was imposed by the thermal stability 


of the pump coil. In most of the kinetic runs, the reactor temperature 
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was generally higher then the pump temperature. To minimize the 
temperature differential, additional heating using nichrome wire was 
provided to the discharge line of the recirculation pump. The 275°C 
temperature limitation of the pump imposed a restriction on the operation 
at high sulfur partial pressure. 

The pump was mounted horizontally to provide a more uniform 
reciprocating action even though the lower surface of the piston was 
constantly rubbing against the pump cylinder. Vertical mounting could 
reduce the friction between the piston and cylinder but such arrangement 
resulted in a faster downward than upward movement of the piston. With 
careful manipulation, it was possible to operate the pump continuously 
over at least a few days. However, due to the narrow clearance 
between the piston and cylinder, it was necessary to purge the pump 
thoroughly with pure nitrogen while the temperature was maintained at 
about 250°C after the termination of each experimental run (purging 
time was approximately 3h). Cooling the pump without adequate 
purging might cause the residual sulfur vapor in the pump to condense. : 
This eventually resulted a difficult or impossible start up of the next 
experimental run due to the loss of free piston motion. According 
to the experience from the present work, the situation could be so bad 
that a complete dismantling of the pump for cleaning was necessary. 
5.1.3. Infrared Cell-Reactor and Catalyst Holder 

The infrared cell-reactor employed in the kinetics measurements 
of the present work is shown in Figure 5.2. It consisted of a 3 inch 
wide, 13 inch long and 9 inch deep rectangular tank with three 


infrared cells, an electric stirrer and four electric heating elements. 
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Figure 5-2. Infrared Cell-Reactor. 
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As can be seen in Figure 5.2,’ three 1 1/2 inch diameter holes were out 
on each of the two largest vertical faces of the rectangular tank. 
A 3 inch long infrared cell with 1 1/2 inch 0.D. and 1 1/4 inch I.D. 
was inserted between each pair of these holes. The infrared cell 
was welded to the inner faces of the tank wall along the edges of 
the cut holes. The ends of the infrared cell were then exactly 
flushed with the outer faces of the tank walls. A 1/8 inch wide 
groove was machined on each end face of the infrared cell to 
accommodate a Teflon o-ring. Four threaded holes with 3/32 inch 
diameter were made along a circle 1/8 inch outside the outer 
circumference of the infrared cell. These four holes were separated 
from each other by equal distances and whose depth was about 3/4 
of the tank wall thickness. The function of these holes was to 
hold the infrared cell cover. Six identical covers were fabricated 
for the three infrared cells. These covers were made from 3/8 inch 
thick disks with 1 3/4 inch diameter. A 1 3/8 inch I.D. and 11/32 inch 
deep trough was cut from the disk for the accomodation of the infrared 
cell window. A hole with 1 inch diameter was then cut from the bottom 
of the trough. This allowed the passage of the infrared beam. 
Four holes with 3/32 inch diameter and separated equal-distance from 
each other were drilled along a wide | 5/8 inch in diameter on the 
cover. By employing four screws, the cover together with the NaC] 
(or CaF,) window could be fastened onto the infrared cell. The 
screws were tightened snugly into the holes on the tank wall mentioned 
earlier so that the NaCl (or CaF.) window was pressed against the 
O-ring to provide a good seal. If the operating temperature was 


below 250°C, the Teflon o-ring could last for a long time. However, 
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at a higher temperature of 350°C, it could be used for about 200 h, 
beyond which it started to deform Slowly. Hence, all the o-rings used 
in the present work were replaced before the 200 h of service life was 
reached. 

The three infrared-cells were arranged in such a way that 
the two cells at the ends were used as feed and reactor cells, 
respectively, while the middle one was used as the product cell. The 
centers of the cells were separated by 5 inches from each other. This 
was to match with the distance between the reference and sample beams | 
of the infrared spectrophotometer used in the present work. The 
centers of the cells were located 2.5 inch from the base of the 
infrared cell-reactor tanks and the width of the tank was 3 inch in 
order to match with the geometric configuration of the analytical 
compartment of the infrared spectrophotometer. During analysis, the 
entire infrared cell-reactor tank had to be inserted into the analy- 
tical compartment, Two 1/4 inch holes were drilled on top of both the 
feed and product cells. Tubing of 1/4 inch 0.D. was welded to one 
hole on the feed cell and to one hole on the product cell. This tubing 
was then connected to the feed system outside the reactor tank from the 
feed cell, and to the product system for the product cell. Four 1/4 
inch diameter holes were drilled on top of the reactor cell, two on 
each end. Two holes, one from each end, were welded to the 1/4 inch 0. 
D. suction and discharge lines of the recycle pump to allow for 
recirculation of gases through and around the reactor. The remaining 
two holes were each connected by 1/4 inch 0.D. tubing to the holes on 


the feed and product cells, respectively. With the set up described 


hoey 2enty-a- at atk ee “diol ie 
2ew ati featyyee to A OOS add anotad 
teas sw fA nove Mi, apne ys: ettag-be id 
,2if92 osasey BiB haat es: baa sat fineeae. Jas 

ef . fo. Jouboug at, ES) ‘baal 25W 3n0! thin anid arte xigvi 
arat «6. vad to A369 nowt. 2edont 2 xa ‘beaded 12 819M el so iq Ne 


| gtipsd Bs ons sanatatsy aft’ igawiod onset saa tote ase 
a0 init 


7 Sbiale hal ; 
wa 7 7 
7 Ben be 
svae U i val 
ye 


ae 


sit . vow tnezsd ails at pseu ap 8503 ut chee ale 
a+ #0 926d od mor tant e.8 bossao? srw ef 99 9 
ar font. 26w anstueds To nebiw eas, png” Sesion 
fsotivfens Bnt Fo not sewer eos iadanosd ads ddtw i 
or4 er ontaud 193 mos organ I934 2 horavrar, ie se 


“Yisns: oat osnt bemsent sd oF Dat ines sotaday- itso. be 


te 
. oo 
~ 
tT? 


eid fod 40 got: np baliiay aygW aptai doar, BAT ow ir, | 


ono ot babfew sew .0.0 enn A\T to gnidut “2tTe $5 
paidut 2iaT .flso tovborg: ant no efor sho ot brie sa beh a 


ett mort Anst YOFI69% eit sbiesuo mene best ats os 


che a 


MI. wor. .[ Ion s30bor ert 107 madaye J3ubONG) ari ot 
mo ows , tres ae ant to gosh i haf ftp: ‘Shaw wae 


ct 
WO dont ONE ant oF babhan Sten ine fHoB9 cient on aston 


ip : yO? Wolls od. Gmuq. sigs aitd 0 rel salen 5. 
a ontgtsnan aT -n0s289% eat. sues bas te 29 


no ofa ard of pafidys .¢-. 0.0 don A xd batoaa 


so far, the gases could flow through the feed system via the feed 
cell. They could then enter the reactor cell at one end via the 
tubing connecting the feed and reactor cells. If the recycle pump 

was switched on, the gases could be recirculated after passing 

through the reactor cell. Finally, the product stream could flow from 
the reactor cell to the product cell and then from the product cell to 
the external product system. In addition to the recirculation line 
from the pump, all flow lines from the feed system to the product 
system were positioned within the reactor tank. The tank was filled 
with a fused salt heating media of eutectic composition prepared by 
mixing equal amounts of NaNO. and KNO, by weight. As a result, the 
gases could be maintained at a uniform temperature while they flowed 
from the feed to the product system. 

Two 1/8 inch diameter holes were made at the side of the 
reactor cell to permit introduction of a thermocouple and a absolute 
pressure transducer (Statham 600 absolute pressure transducer) through 
the side of the reactor tank. The heat supply to the fused-salt bath 
was from four stainless steel-clad 750 watt heating elements (Type T 
tubular heating element, Chromalox, Toronto, Ontario, Canada), 
_installed two above and two below the infrared cells in the reactor 
tank. Three variable voltage transformers (Variac, Fisher Scientific 
Company) were used to adjust the power supply to the three heating 
elements. The power supply to the fourth heating element which was 
situated above the infrared cell was manipulated by a temperature 
controller (Foxboro Model 625M). The reason for such an arrangement 
was twofold. First, a single temperature controller could not be used 


to control the total power input to the four heating elements. 
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Second, the speed of increasing the temperature of the fused salt bath 
would be decreased if one temperature controller was used for four 
heating elements. Such an arrangement enabled the temperature of the 
fused-salt bath to be raised relatively rapidly to the vicinity of the 
required temperature. The eventual fine adjustment and control of the 
desired temperature was then performed by the temperature controller. 
The input to the temperature controller was supplied by a thermocouple 
located above the feed cell. 

Two stirrers driven by a single motor on the top cover of the 
reactor tank were employed to circulate the fused-salt bath. The 
Stirrers were positioned in the spaces between the infrared cells. The 
pattern of circulation was to push the fused-salt to the bottom of the 
tank and then upwards around the ends of the tanks through deflection. 
The stirrers were necessary because the temperature difference of the 
bath between a point near the surface of the heating element and 
another point at the bottom corner of the tank was reduced from about 
6°C to 0.1°C by the stirrers. One disadvantage of the stirrer design 
in the present work was that the fused-salt bath had to be heated above 
melting point (190°C) before the stirrer could be removed from the 
bath. Another disadvantage was that a continuous rattling noise was 
produced by the gears on the stirrers during experimental runs. 
However, the movement of stirrers created negligible vibration on the 
reaction tank. 

The infrared cell-reactor was insulated by a 1/8 inch thick 
asbestos plate followed by a 1/2 inch thick air gap and then another 
1/8 inch thick asbestos plate. The entire set-up was then mounted on a 


projecting arm attached to a mobile rack. The position of the arm 
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could be shifted vertically or horizontally. Such a design allowed 
the infrared cell-reactor tank to be introduced smoothly into the 
analytical compartment of the infrared spectrophotometer. Another two 
fine adjustments were also added so that the infrared cell-reactor 
tank could be placed at the desired depth and made parallel to the 
Side-wall of the analytical compartment. 

Some pinpoint leaks on the welded joints between the infrared 
cell and tank walls developed due to the corrosive action of the fused- 
Salt bath and the thermal stress from the frequent heating and cooling 
of the equipment. Throughout the experimental work, the leaks were 
detected once and after repairing they did not reoccur. 

The catalyst sample holder shown “i Figure 5-3 was fabricated 
from 316 stainless steel, 2 15/16 inch long and 1 1/4 inch diameter at 
both ends but 1/8 inch smaller in the central portion. A groove with 
1 1/64 inch diameter and 1/16 inch width was cut at the central portion 
for holding the catalyst wafer. The catalyst sample holder was 
designed to allow the vertical positioning of catalyst wafer and 
provide ample space for the passage of gases in the infrared reactor 
cell. 

Before an experimental run, a catalyst wafer was placed into 
the groove of the sample holder. This was accomplished by picking the 
wafer up with a flat device such as a razor blade and inserting it 
horizontally into the groove of the sample holder. It should be done 
with great care in order not to break the thin wafer. The sample 
holder with catalyst wafer was then introduced into the reactor cell 


and positioned in such a way that the tip of the thermocouple in the 
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Figure 5-3. Catalyst Wafer Holder in Infrared Cell-Reactor. 
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reactor pressed very lightly against the surface of the wafer. This 
operation was delicate because the catalyst wafer could be broken if 
pressed too strongly against the tip of the thermocauple. When placed 
in the reactor cell heated up to 300°C, the temperature of the central 
and edge portion of the catalyst wafer differed by about 0.4°C which 
was reduced to about 0.1°C after the recirculation pump had been 
Switched on. The temperature difference between the fused-salt bath 
which was kept at 400°C and the center of the catalyst wafer was about 
0.5°C with the stirrers in the fused-salt bath in operation. Although 
Claus reaciton is exothermic, the heat generated from reaction was so 
small compared to the capacity of the heat sink of the fused-salt bath 
that the temperatures «of the three infrared cells in the reaction were 


essentially the same. 


5.2 Process Measurements 

The major process measurements include reactor temperature 
(at catalyst surface), reactor pressure (in the vicinity of the cata- 
lyst) and the feed flow rate. These recorded measurements were used 


for calculation of reaction conversions. 


9.2.1 Reactor Temperature 


An 1/8 inch diameter 316 stainless steel shielded iron- 
constantan thermocouple was introduced into the infrared-reactor cel] 
with its tip touching the surface of the catalyst wafer to measure the 
reaction temperature. The thermocouple was connected to a Leeds and 


Northrup temperature recorder (Speedomax Type G). The recorder reading 
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was calibrated against a known voltage input by potentiometer and the 
thermocouple was calibrated in a bath of known temperature before 
installation. The readings of the isothermal temperature bath bore a 
linear relation with those of the voltages measured by the thermocouple. 
By applying a least square fit to the readings, an equation in the form 


of y = 5.6001 + 18.000x was deduced, where 


y = temperature of the isothermal temperature bath, °K 


ul 


X = Signal measured by the recorder, mv. 

at the end of each experimental run, a known voltage from the potentio- 
meter was fed into the recorder to check the voltage indicated by the 
reading on the recorder. Throughout the whole experimental runs, no 


noticeable drift in temperature recording was experienced. 


9.2.2 , Reactor Pressure 

A Statham 600 stainless steel absolute pressure transducer 
was installed at a port situated just beside the catalyst wafer in the 
infrared-reactor cell to measure the reaction pressure. The body of 
the absolute pressure transducer was located outside the reactor tank 
and was not in contact with the fused-salt heating bath. Therefore, 
there was a temperature difference of about 90°C between the catalyst 
wafer and the body of the absolute pressure transducer during the 
experimental run. The electronic components located in the body of the 
absolute pressure transducer limit the operating temperature to 316°C 
as recommended by the manufacturer, but with the set up used in the 
present work, the maximum operating temperature could be increased 
further by about 90°C. The absolute pressure transducer was connected 


to a Honeywell recorder. After the termination of each experimental 
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run, a manometer whose reading was measured with a cathetometer was 
connected to the reactor to enable the reliability of the pressure 

transducer performance to be checked. The accuracy and reliability 
of the pressure transducer used in the present work was found to be 


very satisfactory. 


5.2.3. Process Flow Rate 

After the sulfur and water in the product stream were removed 
from the sulfur and water condensers, respectively, the remaining 
stream was passed into a cold slush bath to remove the unreacted 
reactants. The cold slush bath was formed by mixing n-propanol with 
liquid nitrogen in a Dewar flask. When properly mixed, a fluid slush 
at a constant temperature of -127°C was obtained. The slush was 
maintained by adding more liquid nitrogen into the Dewar flask 
occassionally. A more detailed description of such a cold slush bath 
has been reported by Rondeau [115]. The removal of the unreacted 
hydrogen sulfide and sulfur dioxide was so successful that the exit 
stream from the cold slush bath contained only the nitrogen diluent, 
as analyzed by mass spectroscopy. The exit stream from the cold slush 
bath was heated back to room temperature before entering the soap 
bubble meter for measurement of the nitrogen flow rate. A mercury 
thermometer was installed at the entrance of the soap bubble meter to 
measure the temperature of the nitrogen. From the measured nitrogen 
flow-rate and the feed composition analyzed by the gas chromatograph, 
the flow-rate through the reactor of all the feed components could be 


calculated. 


When the cold slush bath was introduced to the cold trap, 
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care must be taken to ensure that the solution level in the soap bubble 
meter was below the inlet nozzle. This prevented the soap solution 
from being sucked into the cold trap when a sudden temperature drop in 


the system was experienced upon the introduction of the cold slush bath. 


5.3 Operation of Equipment and Experimental Procedure 


Before the start of an experimental run, all components of 
the equipment were checked for proper conditions (especially the 
reciprocating recycle pump) and the reactor infrared cells and windows 
were inspected for cleanliness. If required, the Teflon O-rings of the 
infrared cells were replaced. If such replacement was not necessary, 
careful examination to make sure that all infrared windows were 
properly sealed was carried out. Depending on whether a "new" piece of 
catalyst wafer was needed, the preparation of it might or might not be 
necessary before the start of an experimental run. If it was necessary, 
the method of Prenanation was the same as that described in the 
previous chapter. The weight of catalyst wafer was found by weighing 
the sample holder with and without the wafer. This was not done by 
weighing the wafer directly because a loose portion of the wafer would 
usually drop off when placed in the sample holder. Before the catalyst 
wafer plus the holder were introduced into the reactor cell, they were 
carefully inspected for loose particle again. If loose particles were 
detected, they were gently blown free by compressed air and the 
weighing of catalyst wafer and holder repeated. The introduction of 
sample holder with catalyst wafer into the reactor cell should be done 


according to the way mentioned in Section 9.3. 


5.3.1 Start-up and Catalyst Pretreatment 
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At start-up, the nitrogen flow was turned on by setting the 
regulator pressure at 100 psig. By adjusting the needle valve on the 
nitrogen feed rotameter, a slow stream of about 20 ml/min of pure 
nitrogen was purged through the reactor for about 1/2 h. During this 
time, the operation of process measurement and seis esl equipment 
could be tested. The cold slush bath (mentioned in Seciton 5.2.3) 
could be prepared in a dewar by mixing n-propanol with liquid nitrogen. 
The operation of the soap bubble meter could also be checked with the 
pure nitrogen flowing. As soon as the bubble meter had been checked, 
all the soap solution was drained out of the meter into a bulb at the 
bottom. When the cold slush bath was prepared, it was placed onto the 
cold trap at the outlet of the sulfur and water condenser. A sudden 
decrease in the temperature of the cold trap could hence be created 
and a suction could occur. The soap bubble meter was drained earlier 
to prevent the soap solution from being sucked back into the cold trap. 
About 10 minutes after the introduction of the cold slush bath, the 
temperature in the cold trap became steady. 

The power supply to the sulfur condenser, to the product 
lines at the outlet of the reactor and to the four heating elements in 
the fused-salt bath of the reactor tank was turned on. It is of 
utmost importance that the reactor be heated with nitrogen gas flowing 
because in doing so, the large quantity of water preadsorbed on the 
alumina from the atmosphere would vaporize and in turn would ruin the 
NaCl infrared windows by making them non-transparent. This was 
mandatory regardless of whether the start-up was performed with a "new" 
or "used" piece of catalyst wafer. The heat supply to the reactor 


should also be slow (about 3-4°C per minute) in order not to create a 
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sudden thermal expansion which would crack the infrared cell windows. 
As soon as the temperature of the reactor started to increase, the 
temperature recorder could be turned on. After the temperature in 
the fused-salt bath exceeded 200°C (the eutectic point of the fused- 
Salt bath was 190°C), the sitrrers in the bath were switched on to 
provide a good circulation of the fused-salt. The temperature 
controller on the reactor cell as well as the power supply to the 
Statham absolute pressure transducer were activated. Power was also 
supplied to the heating coils on all the lines in the reaction system 
(including feed preheater, recycle pump and the recirculation lines). 
With all the operations completed so far, the equipment was then at 
the stage for pretreatment of catalyst (if pretreatment is necessary). 
In the present work, the methods of catalyst pretreatment 
(evacuated at 400°C for 24 h under a vacuum of 10°” cm of Hg, 
heated at 400°C with a continuous stream of No» or Ho» or 05 for 24 h, 
or just heated at 250°C with a continuous stream of No for 24 h) did 
not affect the eventual steady state conversion. After this discovery, 
all pretreatment of catalyst were performed by heating at 250°C under 
a continuous flow of No for 24 h. During the pretreatment, liquid 
nitrogen and/or n-propanol (depending on requirement) should be added 
to the dewar at 12 h intervals to make up for vaporization losses. 
Occasionally, the bath had to be stirred to maintain the slushy state. 
At the beginning of a kinetic run, the reactor temperature 
on the controller was set at about 1-2°C below the desired temperature. 
Later, when the reaction had been started and steady state was 
approaching, fine adjustment could then be made to provide the final 


desired reaction temperature. The temperature of the recycle pump was 
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lower than that of the reactor as mentioned in Section 5.1.2. When the 
recycle pump was switched on, the discharge line of the pump was heated 
to provide a uniform temperature between the three infrared cells. The 
air purge to the solid state pump control was also turned on. With 
only nitrogen flowing, the portion of feed stream branched to the gas 
chromatograph for analysis and the vent valve on the product stream 
were manipulated to provide an approximate required values of feed rate 
and reactor pressure. The nitrogen feed needle valve was readjusted if 
total flow was found to be too high or too low. The feed rate was 
measured by the soap bubble meter and the reactor pressure by the 
recorder reading of the absolute pressure transducer. 

The operation of the gas chromatograph together with its 
sampling valve was then checked with pure nitrogen. The infrared 
Spectrophotometer could be switched on and set up for analysis with a 
new recording chart paper. After every piece of experimental equipment 
was found to be operating in good condition, the flow of hydrogen 
Sulfide gas was introduced at a rate near the desired level. The 
pressure regulator of hydrogen sulfide cylinder was set at 50 psig. 

The flow was maintained for about 1/2 h. If a new cylinder of nitrogen 
was used and it was desired to examine for the oxygen ance ans Nike 
the feed and product cells of the reactor could be inserted into the 
analytical compartment of the infrared spectrophotometer for the 
possible detection of sulfur dioxide. Next, the sulfur dioxide gas 
cylinder was turned on with its pressure regulator set at 50 psig. As 
soon as the sulfur dioxide gas was introduced into the feed stream, 
both the needle valves of the hydrogen sulfide and sulfur dioxide 


rotameters were adjusted until the desired feed composition was 


94 


ot natiW ry 2: nat jae. nt banort 26. F039 
batserl 26w gmud, art Yo. sat ~ sds 0 et 8 
ont atte. baveytni savas aris | nae | uw 1B" 7 ars) 
AJTW) 10 bens o2T6 260 aie a 
269 aid of berlonayt mesis2) best To, not I40g id « 
mésite souhovg Sf% do. 9¥Tsv- siey one brie atation 
etsy best to 2oufsy betkypsy sdemixotqgs. 6 abiverg 08 | 
ti beseutosey 25w svisy sfbesn best aera ane ves ~ mi | 
26w 9367 best siT .wof oF vo toi abt ad ob We 
ofit Vd swu22e"y votoset si} bn, vadomeiddud: we 
“Saudensys, sweesng, ahiToeds) Saf 7 
2ST ti Noritopos dasypotsmoido 260 ont to pie 
bavsvint 4aT .nsporsin stg ridtw bsAsada. nods we 
6 Atiw'eteyions wot gu Jee bas no barlatiwe. ad ‘Diamar 
tnomgtupe [agnemirisgxs to soshq ai NSTTA . 7988 ae me : “i 
napotbyd ta wort and shabbhhe boag ft ont3eyeqo. pee ; 
ait «faves berteab sit “688n sts 6 36 basisborga- 2a 28 
pieq 02 ds ve e6W sbiak iyo, ab ft fue Peporby: to oostiaen s 
fieporsin, to vabni iva wens 7 .AS\ tyeds 107 vont om 
eat nt ys Paignt nopyxo orld 103 siityeaxd: od boy heeb sa deide 
| al otnt badreent ad blues, 19sapen. sd3 to 2fhea hina 
f ont yot sosemasorigeiipags bovsvtat ats to sosmgyaqmes Us: f ve 
26p Sbtxoth w*{iue sid .axan SbFKOtb, wfue to -aarizageb 9f ah 
a pieq 02 4s 392 vodefuss omuz2oig: edi bia ne: hen ah 
capt mse bsst sft otnt booubovsint 28M 26D sbi xory. MNT A gr 
% » Sbtxorb Wwrtive bs sbitlve nagorbut ont 36. zavlavee ds | 
| eau notsizoqmos best poxisb ant Thiny beseuitt 


i 


95 


-achieved. The adjustment was performed on the basis of repeated 
comparison of the analytical results reported by the gas chromatograph. 
When the desired feed composition had been obtained, a final adjustment 
on the portion of feed flow that branched off to the gas chromatograph 
and the product vent valve to provide the desire reactor pressure and 
feed rate. 

With the feed composition, flow rate and reactor pressure 
fixed, the reactor temperature controller set point was adjusted to 
give a final desired reaction temperature. While the reaction steadied 
out, the reactor temperature and pressure readings were constantly 
watched. The feed stream was also constantly analyzed by the gas 
chromatograph to ensure that the feed composition was reproducible. A 
steady feed flow rate as measured by soap bubble meter should also be 
ensured. The reaction was allowed to proceed for 1.5 h before the 
infrared spectroscopic analysis was taken. With the feed cell aligned 
with the sample beam and the reference beam of the infrared spectro- 
photometer opened to the atmosphere, the partial pressure of sulfur 
dioxide in the feed cell could be calculated (the method of calculation 
iS mentioned in Section 5.5). A complete scan from 4000 cm! was 
performed and the attenuator pea infrared spectrometer was 
adjusted to provide a transmittance of about 80 to 90% through the feed 
cell at 4000 afin From the spectrum so recorded, the frequency set 
for reaction conversion analysis could be determined (as mentioned in 
Section 5.5). Moreover, any reaction occurring in the feed system 
upstream of the feed cell could be confirmed from the detection of water 


bands in such a spectrum. A typical gaseous $0, spectrum is shown in 
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Figure 5-4 and the frequencies of the characteristic bands are listed 


in Table 5-2. 


5.3.2. Steady-State 

When all process variables were fixed, a new recording chart 
paper was put on the infrared spectrophotometer to prepare for the re- 
action conversion analysis. The reactor tank was inserted into the 
analytical compartment of the infrared spectrophotometer. The feed 
cell of the reactor was aligned with the reference beam and the product 
cell aligned with the sample beam of the infrared spectrophotometer. 


Vronsodt ent was performed. Due 


A complete infrared scan from 4000 cm 
to reaction, the amount of SO, in the product cell was lower than that 
in the feed cell. As a result, the differential infrared scan would 
produce a spectrum with inverse bands. The magnitude of the inverse 
band reflected the extent of reaction occurring in the reactor cell at 
that particular instant. If the catalyst wafer was required to be 
analyzed in the hope of observing surface species or reaction inter- 
mediates, the product cell could be aligned with the reference beam and 
the reactor cell aligned with the sample beam of the infrared spectro- 
photometer. With such an arrangement, the infrared bands attributed to 
the species in the gaseous phase were compensated because of the equal 
and simultaneous signals detected by the reference and sample beam of 
the infrared spectrophotometer. Only the signals attributed to the 
catalyst wafer plus its surface species were recorded. 

To determine the attainment of steady reaction state, the 
frequency at which the best sulfur dioxide spectral band was recorded 


was selected and set on the frequency knob of the infrared spectrophoto- 


ae Tie ee 


bag det sve bist >i eae are neupar? off bos ® 
a fae a ie wig 


a 


op 
o—- 
~ 


re AS eee ll peril 


7 i 


$4809 entbyaos" wanes | 5 bat e73W siete hater 
3-99 SAS 1OT S¥EqS'd id vedaninsonigart 3992 chi rivhiad ant es | 
sdj} ognt bagwwsens oa dues 1043584 sit asia 
past aft .vetsmosotqorsosie barevat aay: 
SoubONg SNF NG mead Sansistet aay. adtw ‘ioctl 
balan tdi tarot baraytryt add io: wed Shenae” rere aT 
oul =. barrvotdc oe | Bice) 7-008 og” cone Ons mort nese DSth 2 
“Sand speng, 100[ z5W Lfgp JauhOg oid. ot git %9 inpoine st a 
Hluew nse boys VA, ahi a) cbiueey: Fs gh ia: 
se7yavnh siz To ahbuss wan adT ebnad gensynt hie, 

Bs. Fiso-doseued sad ik biti i rw399,noksoee% to ee sts 
ad os bertupst 2b vetee sayledae ait Ls a Josten 
~yint norjs6e% 10 egt sane S95) We antyisede to sqod + ¥ o 
bre mesd gons19t91 ond dtiw benpi ts ad biuds Tis9 Faubowg “3 
| ~ortoade boatii and 20 mead signe ant fist panpiis st 


of peadeiaae ebned Beyevtn? Sat. , JHeMaQ NES ne love new 
f sups ant tc Seusoad batsensqnos stew sesrty atog26e aie nt a as 


“a 


5 


to mad “at qine brs gin ait yd bedgaseb etarighe 3  bNS 
ont r 


afd of botudiwas etenpre std int ‘stanosodadn aan be 
a -pabyoas: ‘aiow eohaeqe SsoBT Wwe att aut rT (te3 16 
bast i, 7% 


ys ae (23892 noi $0889 ybesie Yo snsnaterys. sit starved er hey 


oy one 2sw brid fena35qe ‘dinar we {uz seed si sid t one spstt 
Lan : i‘ 
| asotaane beverint anf to dowd Nansupaht or) no toa t f a eto: : 2 26 


a alee = Achy, * 
BIS . | a ar . 


97 


OOOL 


OOSL 


4 
ee 69bl 
8SEl 


“295 snoesey 30 wnujzdeds paueujyuy “p-G aunbLy 


p-W9 --- AONANOAYS 
0002 00S OOO£ 


00SZ 
$892 W90Sz 


OOSE 


OOOV 


JONVLLINSNVEL 


te 


. 


- 


iy ~ 
> 
it 


Se ee ee 
| 
We 
} 
‘ 
—. 
When L IWHCE © 
vind 
lee 
1 pee 


aD oF 
/ 


iv 


——2s ae ee - aii a a 
“900! Obed! - BOOS odes nos “GBee 
+9 --- YOWSUGEAA 
be auos2ed to muysosqe bers trl Ae? sur : 


98 


meter. After the selection, the scan clutch control of the infrared 
spectrophotometer was turned to the "out" position. An infrared - 
Spectral scan was carried out at this single frequency of interest. 
A steady reaction state was considered to be reached when the magni- 
tude of the inverse spectral band remained constant. The steady 
reaction state was maintained for at least an additional 1/2 h before 
a final complete infrared spectral scan was performed from 4000 cm” | 
to’ 500 cm” | with the scan clutch control of the infrared spectrophoto- 
meter turned to the "in" position. This scan was the same as that 
performed earlier to measure the reaction conversion. If the magnitude 
of the spectral bands recorded in the final scan was equal to that 
measured earlier, the recorded value was accepted and used for the 
kinetic calculations. Otherwise, the value was rejected and the reason 
for the discrepancy was investigated. One possible reason may be the 
contamination of the windows of the feed or product cell. This resulted 
in drift of the baseline of the spectrum and produced a change in the 
magnitude of the 50, bands. Naturally, this could also be due to a 
change in the process conditions. 

The time spent to achieve a single data point was about 3-1/2 
h after a "fresh" catalyst wafer had been pretreated. In the process 
of continuous kinetic runs, about 40 min. should be allowed to elapse 
starting from the time the reaction temperature was changed to another 
level before one more analysis on reaction conversion was taken. In 
cases where the feed flow rate was varied, about 30 min. were required 
before the reaction reached another steady state. For each "new" steady 
state, the check on attainment of constant reaction conversion as men- 


tioned earlier was carried out before the analysis result was accepted. 
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5.3.3. Shutdown 

On the termination of a kinetic run, the hydrogen sulfide and 
sulfur dioxide gas flow were the first to be terminated while maintain- 
ing the nitrogen gas flow and the equipment operating conditions. The 
Pe dual hydrogen sulfide and sulfur dioxide in the reaction system 
could be flushed out by nitrogen in about 1/2 h as could be found by 
Spectroscopic analysis. After the removal of sulfur dioxide and 
hydrogen sulfide from the reaction system, the cold trap which was 
accumulated with condensed H5S and SO, was removed from the equipment 
together with the cold slush bath dewar and kept in the fan-hood. This 
was to allow the temperature in the cold trap to rise slowly to room 
temperature and to permit the condensed hydrogen sulfide and sulfur 
dioxide to be gradually and safely evaporated from the cold trap. After 
the removal of the cold trap, a manometer could be connected to the 
reactor to check the reliability of the pressure measurement by the 
Statham 600 absolute pressure transducer. The whole reaction system 
plus the sulfur and water condensers should be purged continuously with 
pure nitrogen while hot for about 3 h before being allowed to cool. To 
shut down the equipment, the temperature of the reaction system, 
especially the infrared cell should be allowed to cool slowly (at about 
2°C per minute) to prevent the cracking of the NaCl (or CaF.) infrared 
cell windows. This was done by slowly decreasing the power supply to 
the fused salt bath and to the nichrome wire on the discharge line of 
recirculation pump. Power supply to other heating systems as well as 
to the absolute pressure transducer could be turned off completely. 
The stirrers in the fused salt bath could be switched off while the 


recirculation pump should be in operation until the whole system 
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returned to room temperature. When the whole system was cooled to room 
temperature, the recirculation pump was switched off. The sulfur and 
water condensers could be removed for cleaning if required (to remove 
condensed sulfur). he conditions of the Teflon O-rings on the 
infrared cells should be inspected. If a brownish color was observed, 
the O-ring was replaced by a new one. If required, the reactor cell 
could be opened for the removal of the catalyst wafer and its holder. 

If another run is planned for the next day, it is recommended 
that the whole system be maintained near the desired "new" operating 
conditions but without the flow of hydrogen sulfide and sulfur dioxide. 
This is to minimize unnecessary thermal stress being imposed on the 
equipment (particularly on the infrared cell windows) due to the 
heating and cooling of the system and also to save time required to 
energize and stabilize the system. The introduction of a feed with 
only hydrogen sulfide and sulfur dioxide without nitrogen into the 
heated reactor containing the catalyst should strictly be discrouaged. 
iboxeés sive sulfur so generated could condense on the recirculation 
pump and the infrared cell windows and might be very difficult to 
remove. 

After shutdown, the catalyst wafer could be removed for 
examination of its condition if necessary. The infrared cell windows 


(NaCl or CaF,) should also be removed and repolished if they had been 


2) 
contaminated and their transparency reduced. 

The power to the infrared spectrophotometer should be 
Switched off to prevent the overheating of its light source. Prefer- 


ably, the gas chromatograph should be kept at operating condition 


during the period at which the experimental equipment was shutdown 
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because it took about a day for the gas chromatograph to reach a steady 


operating condition after its start-up. 


9.4. Analysis and Data Evaluation 


9.4.1. Analysis 


In the present work, both the infrared spectrophotometer and 
a gas chromatograph were employed as analytical tools. The reasons for 
not using the infrared spectrophotometer alone were twofold. First, the 
nitrogen gas which was used as diluent is infrared-inactive and second, 
the hydrogen sulfide gas which was one of the reactants, failed to 
provide a strong enough signal to allow reliable interpretation although 
it is infrared-active. On the other hand, the type of experiment 
conducted in the present work did not permit the employment of gas 
chromatography to analyse the reaction product because the sulfur in it 
had to be removed before the analysis. As sulfur was condensed and 
removed, it could catalyze the reaction between the unconverted hydrogen 
sulfide and sulfur dioxide. This created the uncertainty in the deter- 
mination of the reaction rate previously described in Chapter II. 
Consequently, the gas chromatograph was used to analyze the feed stream 


which was free of sulfur and the infrared spectrophotometer was used to 


measure the conversion. 


Gea). G: C. Analysis 


Two columns connected in series were used in the gas chromato- 
graphic analysis. Both were made from 1/8 inch diameter 316 stainless 


steel tubing. The first column 4 ft long was packed with Chromosorb 
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104 and the second column 6 ft long was packed with Porapak Q-S. These 
columns were developed by the Chemical Laboratory, Department of 
Chemical Engineering, University of Alberta through trial-and-error and 
it was not clear which column accomplished which separation. Presum- 
ably, according to the nature of the packing, the first column 
separated H0 from other components while both columns contributed to 
the separation of Nos H5S and S0,. Before use, these columns were 
conditioned by purging with a flow of 40 ml/min helium at 200°C for 
48 h. The column packings were found to be non-catalytic towards the 
reaction between hydrogen sulfide and sulfur dioxide because no water 
peak was detected when a gaseous mixture of nitrogen, hydrogen sulfide 
and sulfur dioxide was injected into the columns. The operating 
conditions of the gas chromatograph are summarized in the following 
table. 

TABLE 5-1 


OPERATING CONDITIONS OF GAS CHROMATOGRAPH 


Chart speed: 0.5 inch/min 

Sample size: 0.63 ml 

Attenuation: HOS; S0, le No Xe 
Bridge current: 250 mA 

Detector temperature: 120°C 

Column temperature: 80°C 

Helium flow rate: 40 ml/min for both sample a 


and reference 
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Among the chemicals analyzed, the columns provided the best 
analysis for hydrogen sulfide and the worst for water. With the same 
sample, the repeatability of the peak areas was better than 0.2%. The 
long-term analytical reliability of the columns was also periodically 
checked against samples with known compositions and a repeatability of 
better than 0.2% could be maintained. The gas chromatographic columns 
were calibrated by contrasting prepared standard gas samples against the 
peak areas. The calibration procedure and results are presented in 
Appendix A. Essentially, the area ratio of the gas chromatographic 
peaks of the hydrogen sulfide (or sulfur dioxide) and nitrogen gas was 
calibrated against the molar concentration ratios of these gases in the 
prepared samples. During experimental runs, the concentration ratio of 
hydrogen sulfide to nitrogen as well as sulfur dioxide to nitrogen could 
be calculated from the measured gas chromatographic area ratio by using 
the calibration results. Since ratio rather than absolute values of gas 
chromatographic area and concentration were calibrated, the sample size 
introduced into the gas chromatograph did not affect the analytical 
results. During calibration, various sizes of the same gas sample were 
injected into the gas chromatograph and it was found that the gas 
chormatographic area ratio for hydrogen sulfide (or sulfur dioxide) to 
nitrogen was not affected by the sample size nor the total pressure of 
the gas sample. 

If the partial pressure of sulfur dioxide gas in the reactor 
is known (it was measured by the infrared spectrophotometer in the 
present work), the partial pressures of the hydrogen sulfide and 
nitrogen could be calculated from the concentration ratio recorded by 


the gas chromatograph. In conventional analytical approaches, the 
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partial pressures of each species may be affected by the unknown partial 
pressure of sulfur vapor present in the system. This objectional 


procedure is eliminated when P or P may be measured directly. 
H5S 50, 


oo l.c. 7,R. Analysis 


Unlike Chapter IV where the use of IR analysis was qualitative, 
the service from the infrared spectrophotometer in this chapter was 
mainly quantitative enabling for the measurement of reaction conversions 
and the partial pressures of 50, in the reaction system. During the 
Simultaneous kinetic and mechanistic study in this chapter, qualitative 
IR analysis (essentially for detection of reaction intermediates on 
catalyst surface) was performed occasionally with quantitative IR 
analysis. The infrared cells used in this chapter were different from 
those used in Chapter IV as outlined separately in Section 4.1 and 5.1. 
In the kinetic runs involving low water and sulfur concentrations, 

NaCl windows were used on the infrared cell and for higher concentra- 
tions, CaF, windows were used. 

Many excellent books [113, 137] have been written on infrared 
Spectroscopic analysis. However, a brief discussion on infrared 
pectroscopic analysis will be provided in the following sections. 

Generally, the quantitative analysis using infrared spectros- 
copy involves relating the absorbance to the concentration. If a pure 
component is analyzed and the extinction coefficient of this compound 
is known, its concentration in the infrared cell can be calculated from 
the measured absorbance by the following relation: 


Rear redken bole ates (5.1) 
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Using ideal gas law, the expression, An =ELP/ pry results. 


This relation is called the Lambert-Beer law and is the same one used 
in routine colorimetric analysis, 
where Ayn | is the absorbance at wavelength — 

Io, the intensity of the incident beam 

In the intensity of the transmitted beam 

C the concentration 


h the length of the infrared cell 


E the extinction coefficient 
P partial pressure of the gas sample 
ij absolute temperature under which analysis is 


carried out 


R the gas constant 


According to equation (5.1) for a given pure sample in a fixed 
infrared cell, the absorbance is related linearly to the concentration. 
The validity of this linear relation may not always be true over the 
entire pressure range under investigation. Until this validity is 
checked, the use of equation (5.1) for quantitative analysis should not 
be recommended. The most widely used procedure is to calibrate concen- 
tration versus absorbance. 

In most experiments, gaseous mixtures rather than pure gas 
Samples are analyzed. Under these situations, the recorded spectrum is 
a combination of those of all individual components. It is not uncommon 
that two or more components of the mixture absorb at the same wave- 
length. The total adsorbance of the recorded spectral band at this 


wavelength is equal to the sum of the adsorbance of each of the 
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individual components. If the Lambert-Beer law is applicable, the total 
adsorbance is related to the concentration or partial pressure of each 


component as: 


An = S (Cty Se ep eve (S22) 
1 u 


where the subscript i refers to a particular species. Another inter- 
ference includes the broadening effect on the spectral bands. Rao [113] 
has discussed several methods such as the ratio method to overcome the 
problems of overlapping bands. However, overlapping absorption bands 
often tend to decrease the accuracy of the analysis. Fortunately, many 
gaseous compounds have more than one absorption band. The overlapping 
Of one or a few bands at the same frequencies between the gaseous 
component does not necessarily mean that all of the recorded bands are 
overlapping. As long as one isolated intense absorption band can be 
located for each compound, this band can be used for the analysis 
(qualitative and quantitative) of that particular component. If the 


Lambert-Beer law is applied, equation (5.2) reduces to: 


fureané intented-adhinel 7(aM) (5.3) 


As may be seen from the Lambert-Beer law, the magnitude of 
the absorbance does not depend solely upon the concentration. It varies 
also with the length of the infrared cell and the extinction coefficient 
of the sample. Since the length of the infrared cell is fixed, the 
range of concentration (or partial pressure) under which the analysis 
would be accurate depends on the value of the extinction coefficient. 
In infrared quantitative analysis, too large or too small an absorbance 


will both reduce the accuracy. If a sample has a large extinction 
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coefficient, it would be most accurately analyzed at low pressures or 
concentrations, and vice versa. Hence, the range of partial pressures 
useful for infrared quantitative analysis may also be limited. For 
some gases, more than one absorption band appears in its infrared 
Spectrum, each with a different intensity at the particular concen- 
tration. When the analysis is performed at a low concentration, the 
most intense suitable band should be chosen. As the concentration 
increases, the magnitude of this band would reach a value where the 
accuracy of analysis becomes questionable. At this value, a less 
intense band may then be used and the range extended. This greatly 
broadens the pressure range under which one can conduct experiments. 

Another difficulty in the infrared quantitive analysis is 
encountered when the gas sample is infrared non-active. The absence of 
absorption bands is usually encountered by symmetric diatomic gases 
whose molecules are formed by two similar atoms, e.g. nitrogen, oxygen 
etc. If no dipole moment change resulted from atomic vibrations, 
infrared absorption bands do not appear. If only certain components in 
the gas mixture are infrared active, then the combined analysis must be 
obtained by the use of not only an infrared spectrophotometer but also 
other instruments, such as a gas chromotograph. 

In the product stream, the absorption band of the sulfur 
species was not detectable from the recorded spectrum and that of water 
was found too noisy to provide an accurate analysis. As a result, 
sulfur dioxide was chosen as the key component for analysis. The 
partial pressures of other components in the product were then calcu- 
lated from the stoichiometry of the reaction (2.1). Since no evidence 


for the occurrence of reaction other than the reaction (2.1) was 
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observed under the experimental conditions in the present work, this 
approach seemed reasonable. 

Three distinctive ioslated absorption bands around 2500, 1350 
and 1150 cm! frequencies, respectively, appear in the recorded spectrum 
of sulfur dioxide, as shown in Figure 5-4. All three bands of SO. 
Spectrum are of a type where the magnitude of P,Q,R bands are compar- 
able. The frequencies of the peak of these bands are summarized in 
Table 5.2 together with the applicable partial pressure range. The 
band at around 1350 cm possessed the highest extinction coefficient 
and was used for the lowest partial pressure range and that at around 


2500: cin | 


for the highest partial pressure range. 

The calibration curves indicated in Appendix C were prepared 
by introducing different amounts of 50, vapor into a quartz infrared 
cell identical towtne stainless steel one usedhiht the medeter as 
mentioned in Section 5.1.3. The reason for using a separate infrared 
cell and not that in Section 5.1.3 for calibration is because of the 
greater maneuverability of the former cell. The ability of this cell 
to maintain a vacuum for more than 36 h had been carefully checked and 
since the cell was required to hold a gas sample for less than 24 h in 
all the calibrations, inaccuracy due to leakages may be neglected. 
During calibrations, the infrared cell was connected to the vacuum rack 
equipped with a manometer. The cell was thoroughly evacuated before 
each introducion of gas sample. The pressure in the cell was measured 
from the manometer by reading with a cathetometer after a certain 
amount of SO, vapor was fed into the cell. In the first few calibra- 


tions, an initial pressure was recorded immediately after the 


introduction of gas sample into the cell and two readings were again 
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TABLE 5-2. 


FREQUENCIES AND PRESSURE RANGE EMPLOYED FOR 


QUANTITATIVE ANALYSIS OF S0, 


a a ere oe a ee ee ae ee 
a a eee eee eee 


Frequency of Spectral Bands Pressure Range Used 


ne 


2480 
2497 cm 6 cm Hg - | atm 
2509 


1159 


1130 om 1.8 - 20 cm Hg 


1365 
1951 cm 0.02 - 3.0 cm Hg 
1342 


taken every 2 h. A final reading was taken after the S0, vapor had 
been in the cell for 14 h. It was observed from the first few 
calibrations that the pressure measured at 2 h after the introduction 
of gas sample was the same as those measured later. This showed that 
the amount of gas adsorbed on the wall was negligible compared to the 
total amount in the quartz infrared cell. After the first few 
calibrations, all other pressures were recorded at 3 h from the 
introduction of the gas sample. All the calibrations were carried out 
at 200°C. To examine the possibility of applying the calibration 


curves obtained at 200°C to other temperatures by using the ideal gas 
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law, three calibrations were carried out, each at 200, 300 and 400°C, 
respectively. It was learned that the absorbances observed from these 
four calibrations were equal to those calculated from the calibration 
curves at 200°C by applying corrections based upon ideal gas behavior. — 

The compartment of the Perkin-Elmer Model 621 infrared 
spectrophotometer used in the present work was larger than that of the 
length of the infrared cell. During calibrations, the infrared cell 
was moved first closer to one end and then closer to the other end of 
the compartment of the infrared spectrophotometer. It was found that 
such variation of the position of the infrared cell in the compartment 
did not affect the recorded absorbance. 

The pressure-broadening effect was found to be insignificant. 
This was checked by introducing mixtures of S0,/N, or S05/H,0 vapor 
into the infrared cell and then comparing the recorded absorbance to 
that shown by the calibration curve. If the partial pressure of SO, in 
the mixture was the same as the presence of pure SO, at a Similar 
temperature, the absorbance was found to be identical. The pressure- 
broadening effect by Hos and sulfur vapor on sulfur dioxide was not 
examined. This was because hydrogen sulfide and sulfur dioxide could 
react slowly in the quartz cell and the introduction of sulfur vapor 
could create a danger of ruining the cell-window transparency by 
condensation. 

Generally two methods may be used to relate the spectral band 
intensity to the partial pressure of gas. One is by peak height and 
the other is by the area of the spectral band. In the present work, 
since the peaks of the spectral band are quite sharp and a good straight 


line could be obtained from plotting peak height against partial 
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pressure, the peak height method was thus adopted. 


5.4.2. Data Evaluation 

This section is devoted to an explanation of the procedure by 
which the reaction rates were derived from the experimental measure- 
ments. The descriptions on the methods of process measurements and 
the analysis by the gas chromatograph and infrared spectrophotometer 
have been mentioned in Sections 5.1 to 5.4.1. 

A stainless steel infrared cell recirculation reactor was 
employed to generate experimental values of the reaction rate. 
Consider the recirculation reactor in Figure 5-5 where a reactant 
stream of fixed composition and flow rate is fed to the reactor loop. 
Let the conversion of the selected reactant, A, be zero at the reactor 
inlet, Xny> just before the catalyst bed and, Xng just after the 
catalyst bed. Also, assume that the rate of reaction is the same at 
all points in the differential catalyst bed for a specific run. A 


steady state material balance over the entire reaction suggests 


W) (5.4) 


where (-rq) ay js measured at some average conversion, i.e. at average 
reactant concentration values, of the streams entering and leaving the 
catalytic bed. Thus, Xn¢ Xay Xnq: Since (Xn¢ - Xnq) may be large, 
the assumption of an average rate may lead to serious error. 

Now suppose that a part of the product stream is recycled. 


As the recycle rate increases, the incoming feed is mixed with some 


fete Pn : 
. | v re : 
+ oon : { =f U4 | 
ae 7 | a ry 
5 7 al 4! a ea ak tan! 
i a, ivr By a 


ove F ales 
vd sruia07q, one 20) nee te mise die | 
-sv2p5m Pesan gx ent oR er te 
bie zditomeris2 bat | ves dba ac) cult gt so enn s 
9taindTORGOTIOSqG2 mes on bas dqspo bent. 260 Cade 
ANE Gt 1 Byenatitane ait 
“eaw YousbS not ssTwottaer rch) boredint  teede: 2 
vod) nottass%. 903 Yo, e8uley simone srntn 
tnstopen 5 Stsdw ¢-¢ ‘Stuer Ne 10235 RO Biyori sey Se 
-gool yodosay’ ott ot ‘bat 2f osew watt bas. not >be 2 ba 6 
yotz5a%) ont3 te 018s: ad, gh (inet2esh bpltoesae add: Yorn bas oe c 
edt yatta: teute a hig bed seuinteo erty sioted 2a 
$6 Smee ‘edd ot nottaeor 9 ate \Snt: Beit amiees: 402K 
A nn ottroade’ s not bad tztesen: Taisen 
2t2Sppue not aEers artdos ang Me eee 360% 


Rd) 4 ae ob 


a 
| ae: 
ype 


- 4ber8vs 35 9.7 a ha Spsrsve ise 36 ee aj Cy 


- wa ‘ 
+ 


Sit curves! bras ontsIns emagite: ond to eRopT BV. not sontngsneg 
-yadvel ad you Cen = “ae oonte. “Ee va ant audt iad atv 5: 
Aas BuCrIsE OF. beet on gte1 spsrave ne to Wore puizdt 

“bal ayaay ef neon douboer-sit 38 Pag 5 Tan? seoqque on 

ug ‘entoa AoiW ey 2t bast: Brvbminsin ait ~2aeksiant aoeN ¢ 


mae . Ax: 


Pa 
ing ae ae ate 


hi cP ae oe 7 


112 


CATALYST, W 
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FAg(1-XAg) 


Figure 5-5. Sketch of Recirculation Reactor Loop for Calculation 
of Reaction Conversion, 
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product stream causing Xny to approach Xne- Thus the error in the 
assumption of an average rate decreases accordingly and so at a high 


recycle ratios of R/(1-R), 


(raday Chale = XngFag/l 
where the rate is measured at the exit stream conditions. At high 
recycle rates, this type of reactor may properly be considered to be 
a perfectly mixed backmix reactor. At high recycle ratios, the 
conversion of A per pass through the catalyst is small and the reactant 
concentration before and after the catalyst may be almost equal and the 
approximation of the above equation becomes more reasonable. 

The capacity of the recirculation pump used in the present 
work was 45.1 /min and the volume in the entire recycle loop was 0.67 
litres. The highest reactant feed rate (HS or SO, ) employed in the 
kinetic experiments was less than 0.1 2/min. The recycle rate was 
therefore more than 60 times that of the feed rate throughout the 
entire kinetic runs. Accouding to Zwietering's [151] concept of 
"maximun mixedness", a recirculation reactor with a recycle ratio of 
over 20 approaches the behavior of backmix reactor. 

In the present work, the reactor was designed in such a way 


that (P, -P could be measured directly. By placing the feed cell of 


Ao af? 
the reactor in the reference beam and the product cell in the sample 
beam of the infrared spectrophotometer, and by setting the infrared 
wavelength at which the $0, absorbance was most intense (refer to Table 
5-2), an inverted spectral band which represents (Prom Pre) could be 
recorded. From the magnitude of this inverted spectral band, (ProPae) 


could be calculated. Before this method was adopted for use, the 
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possibility of a difference in magnitude of the normal and the inverted 
spectral band had been carefully checked. A known partial pressure of 
SO, was introduced into the infrared cell. The cell was first placed 
in the sample beam of the infrared spectrophotometer to provide a 
normal spectral band. Then this cell was switched to the reference 
beam and an inverted spectral band was recorded. It was observed that 
the absolute magnitude of the positive end negative band was exactly 
equal. By knowing (Prom Pae) > the fractional conversion of component 


A was approximated as, 


By placing the feed cell of the reactor in the sample beam of the 
infrared spectrophotometer and using atmospheric air in the reference 
beam, a spectral band that represents the partial pressure of component 
A in the feed could be recorded. From the magnitude of the band and 
the calibration curve the "calibrated" partial pressure of component A 
in the feed could be calculated. The actual partial pressure of 
component A in the feed is then given by: 


T 


Ag? Hetanibyated © = 476 


where T is the reaction temperature in degrees Kelvin. From the frac- 
tional conversion and the prartial pressure of A in the feed stream, 
the partial pressure of component A in the reactor was approximated by 


(1-Xy¢). The partial pressures of other components in the 


reactor were calculated by the stoichimometry of the reaction, the feed 
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Stream composition and the correction for the change of modal flow rate 
due to chemical reaction. Since sulfur may exist in more than one form 
at the reaction condition, an equilibrium distribution among its 
different forms, So - S¢ - Sg. was assumed and the partial pressure 

of each individual species calculated accordingly. McGregor [84] also 
used this assumption in his determination of the distribution of 
various sulfur species and concluded that such assumption was not in 
serious error. It was unfortunate in the present work that the various 
Sulfur species were not detectable by infrared spectroscopy or else 

the equilibrium distribution assumption would not be necessary. 

The material balance was checked by comparing the sum of the 
partial pressure of each individual species in the reactor with the 
measured total pressure of the reactor and it was found that the 
material balance was better than 98%. From the rate of reaction 
calculated and the partial pressures of all the species in the reactor, 
a set of data in the form of (-ry) = F(P.) could be gathered under 
various experimental conditions and then employed for correlations of 
kinetic models. 

An example showing step-to-step calculation of reaction rate 


together with material balance is exhibited in Appendix I. 
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CHAPTER VI 
RESULTS AND DISCUSSION 


6.1 Oxidizing Property of Y-Alumina 


The Oxidizing Property of Y-alumina has been investigated 
[98,99,129] as mentioned in Section 2.3.3.2. Parkyns and Patterson 
[98] found that CO cauld be oxidized to CO. by Y-alumina. Flockhart 
et al. [39] observed that upon heating alumina aerogel previously in 
contact with air, nitric oxide might be given off in substantial 
amounts. Some investigators [97,135] related the catalytic activity 
of Y-alumina to its oxidizing property, especially towards reactions 
of a redox nature. 

In the present work, the oxidizing property of Y-alumina 
was investigated by using infrared spectroscopic techniques. The 
Y -alumina catalyst was subjected to two types of pretreatments. 
Pretreatment (I) followed the steps described in Section 4.2 but 
pretreatment (II) consisted of an additional step of reducing the 
catalyst wafer with Ho for 2 h followed by evacuation overnight, all 
at 400°C. The Y-alumina subjected to pretreatment (I) will be 
referred to as “oxidized-alumina" and the other referred to as 
"reduced-alumina". Figure 6-1 (A) and (B) represent the baseline 
spectra of the “oxidized-alumina" and "reduced-alumina". Only three 
spectral bands attributed to hydroxyl stretching frequencies in the 
3650 to 3800 Te region plus the alumina band at around 1000 cn 
were recorded. No significant difference could be noticed between 


these two spectra. 


To study the oxidizing property, the "“oxidized-alumina" and 
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“reduced-alumina" were exposed separately to an adsorbate and then the 
results were compared. Two types of adsorbates were used. Since HS 
is one of the reactants in the present work, it was chosen as one of 
the adsorbates. The other assorbate was CS... When H5S is oxidized, 
water can be formed and it can further dissociate to form hydroxyl 
groups on the Y-alumina surface. The increase in surface hydroxy] 
groups may have resulted from dissociation rather than from oxidation 


of H5S. By using CS. in place of HOS; more information on the 


oxidizing property of Y-alumina could be obtained. 


6.1.1 Oxidizing Property Demonstrated by H2S Adsorption 


Upon contacting Hos at room temperature, the surface color 
of "oxidized-alumina" immediately changed from its normal white to 
violet-green, an observation previously noted [34] with the use of 
oxygen-pretreated Y-alumina. The violet-green color eventually 
changed into yellow after prolonged contact with HoS at room tempera- 
ture. An infrared spectrum of the "oxidized alumina" wafer recorded 
right after the contact with HS is shown in Figure 6-1 (C). This 
spectrum consists of a broad band at roughly 3550 én plus three 


other bands at 2560,1568 and 1345 ana 


The latter three bands are 
attributed to the adsorbed HoS as suggested by earlier workers [34,133]. 
The broad band could be attributed to either HS or HA0 hydrogen- 
bonding, the latter resulting from the possible surface reaction, 


Hos + [0] == Hy0+ [8] (6.1) 


2 


The states of [0] and [S] are unknown. 
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Comparing this psectrum with the baseline spectrum (6-1 A) 
of the "oxidized alumina", the spectral band at 3790 cm? | was found to 
disappear upon contacting HS with “oxidized alumina". On the other 
hand, it was very difficult to conclude whether the other two hydroxy] 


stretching bands at 3720 and 3680 cm”! 


disappeared as well or were 
covered by the broad band around 3550 cm: |, Disappearance of the 
3790 cm! hydroxyl band results from hydrogen-bonding of HoS and HA0. 
The weak band at around 1625 cm! could be the adsorbed H,0. 

The occurrence of the suspected reaction (6.1) was confirmed 
by mass spectral analysis of gases desorbed from the "oxidized alumina" 


3 Torr. Both water and 


after evacuation of the infrared cell to 10° 
elemental sulfur were detected. In addition, the introduction of 
sulfur vapor into a cell containing newly pretreated "oxidized alumina" 
or "reduced alumina" at room temperature produced the same color change. 
As adsorbed sulfur increased, the color changed from violet to green- 
yellow to yellow. 

Upon repeating the H5S adsorption experiment using "reduced 
alumina" at room temperature, the infrared spectrum of Figure 6-1 (D) 
was reduced. The three bands at 2560, 1568 and 1345 cm |, representing 
the adsorbed Hos were again detected but the broad band at around 3550 
cm)! which was found upon contacting HS with "oxidized alumina" did 
“not appear. Instead another weak broad band at around 3300 cm |, was 
observed. This may possibly be the hydrogen-bonding band of adsorbed 
Hos. Unlike the "oxidized alumina", the hydroxyl stretching band at 
3785 aoe was still present upon contacting the "reduced alumina" with 


HoS. Neither product of reaction (6.1) cauld be detected by mass 
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spectral identification, thus confirming that the occurrence of 
reaction (6.1) was the result of oxygen pretreatment of the Y-alumina. 
The color of the "reduced alumina" was unchanged by the contact with 


HoS. 


By comparing the results of the "oxidized alumina" and 
"reduced alumina", it seems that certain type(s) of surface oxygen 
exist on Y-alumina. Their states are unknown but capable of Oxidizing 
HoS according to reaction (6.1) and could be consumed by reduction with 
Ho. 


6.1.2 Oxidizing Property Demonstrated by CS? Adsorption 


Similar experiments were repeated by using CS in place of 
HS. Figure 6-2 (A) and (B) represent the result of spectral scans 


obtained upon contacting CS, with "oxidized alumina" and "reduced 


alumina" at room temperature. The spectral bands at 2156 and 1495 yh 


are in both cases attributed to physically adsorbed CS,. Unlike the 


] 


HS adsorption, the broad band at around 3500 cm was not detected 


2 
upon contacting CS, with Y-alumina. The band at 2000 cm! observed in 
igure 6-2 (A) only reveals the formation of adsorbed COS, a species 
not previously present. Infrared spectral analysis of the gas-phase 
Surrounding the catalyst wafer confirmed the formation of COS according 
to the possible surface reaction, 
CS, 10, se. COS ele (6.2) 

As in the case of H,S adsorption, the states of [0] and [S] are unknown. 
An independent spectral scan for pure COS adsorbed on"oxidized alumina” 


1 


confirmed the assignment of the 2000 cm band. The white color of the 


atalyst changed to green-yellow, presumably caused by adsorption of 
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elemental sulfur. These did not occur upon adsorption of CS, on 
"reduced alumina", as indicated by Figure 6-2 (B). 

By examining Figure 6-2 (A) and (C) more closely, the 2365 
cm! and 2200 cm! bands which are attributed to the adsorbed CO, and 
CO on Y-alumina are not detected in Figure 6-2 (A) while the 2365 
cm?! band is barely visible in Figure 6-2 (C). This probably means 
that the following reactions were not detected in the presence of 
excess CS. (in comparison to other components). 

CS, + (10:] SE ‘enCOght2[5)) (6.3) 
eae 


CS. #200] C0, ap ApS) 7 (6.4) 


6.1.3 The Postulated Forms of "Oxygen" on  Y-alumina 


When repeated doses of H5S or CS, were exposed to "oxidized 
alumina", a diminishing extent of reaction (6.1) or (6.2) was observed. 


This was done by comparing the progressive increase in the magnitudes 


] 


of H,0 (1625 cm ) and COS (2000 cm!) bands. Such result implies 


Ma 
that this oxidizing character is associated with the finite amount of 
[0] available on the alumina surface. The "surface oxygen" could be 
restored by treating with gaseous 05 or S055 ("used" wafer evacuated 
at 400°C for 10 h, treated with 0. or 50, at 400°C for 2 h, again 
evaciiated at 400°C for 10 h) although it is not certain in the case of 


SO, because of the possible formation of sulfate by SO, on Y-alumina 


2 
surface. Water and sulfur could be formed by reacting sulfate with 


H,S without the surface [0]. 


2 
Two different interpretations may be suggested to explain 


the forms of [0] mentioned in reactions (6.1) and (6.2). The first is 


adsorbed "molecular" oxygen, a source suggested from studies of 
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Hydrocarbon oxidation [17,35], and the second is "strained-bridge" 
Surface oxygen as proposed by Parkyns [99]. The strained oxygen 
bridge was envisaged by Cornehius et al. [27] as formed by progressive 
dehydration of alumina. The mechanism Heer cre below was proposed to 


account for the generation of such strained oxygen bridges from 


dehydration, 
OH d heat and Tek 4 
-Al- O- Al- evacuation -Al- O- Al- H0 
(2.30) 


Tamele [135] and Cornelius et al. [27] reported that a remarkable 
amount of heat was released when water was contacted at 100°C with the 
carefully dehydrated alumina. This may be an indication of the reverse 
of the creation of strained oxygen bridges by dehydration. Parkyns 
[99] believed that these strained oxygen bridges were the "oxidizing 
centers" capable of oxidizing CO to C0. and could be restored by 
adsorbing NO to the Y-alumina which has been reduced by CO. On the 
other hand, Parkyns noted that degassing of alumina at temperatures 
above 450°C removed the active centers for oxidation of CO to C0,. 
This temperature is relatively low for short-term surface 
recrystallization or annealing effects but degassing at this 
temperature should effectively desorb most of the molecular oxygen. 
The published results discussed so far seem to favor both interpreta- 


tions. 
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investigate the isotope exchange with surface oxygen of alumina. AT] 
concluded that exchange of oxygen took place between the alumina and 
the adsorbate at relatively low temperature (around 100°C). Although 
such observations do not demonstrate beyond doubt which interpretation 
is correct, they seem to favor the strained oxygen bridge 
interpretation. It is more difficult to envisage how the strong bond 
of the molecular oxygen could be broken without the participation of 


the catalyst surface. 


6.2 Adsorption of H9S on Y-alumina 


There are basically three types of adsorption sites on the 
surface of Y-alumina, namely: (i) the Lewis-acid sites made up of 
aluminum ions, (ii) the basic sites made up of oxide ions and (iii) the 
Bronsted-acid sites formed by the surface hydroxyl groups. The 
adsorption of the hydrogen sulfide involve one or more of these three 
types of sites and there still remains much controversy about which 
type of site is involved. 

The adsorption of H,S on Y-alumina at room temperature 
produces an infrared spectrum as indicated in Figure 6-1 (D). The 
Spectrum “seca ane vaa by a broad hydrogen bonding band at around 


ageeir 


3300 cm! plus three other bands at 2565, 1568 and 1345 cm 
are attributed to the various vibration modes of the adsorbed HS. 
Similar spectra have also been observed [34,133] but based on the IR 
spectrum alone, it is difficult to conclude on what sites and how Hos 
is adsorbed. 


The infrared band frequencies for H5S and DS adsorbed on 


Y-alumina at room temperature are shown in Table 6-1. 
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TABLE 6-1 


INFRARED BAND FREQUENCIES FOR HS AND DoS ADSORBED 


ee ee 


ON Y-ALUMINA AT ROOM TEMPERATURE 


a ee a 
Ee ee ee ee ee ee eee eee ee ee ee 


Compound Observed Gas-Phase Assignment 
Frequencies Frequencies 


(cm!) (cm!) 


a See Eee 


HS 1345 1290 H-S-H (bend) 
1568 
2422 H-S-H (bend) 
2565 2611 S-H (stretch) 
2684 S-H (stretch) 
D,S 1860 1999 S-D (stretch) 
934 D-S-D (bend) 


6.2.1 Selective Adsorption Method to Evaluate Sites of Adsorption 
The approach adopted in the present work to study the 


adsorption of HS on Y-alumina involved the quantitative infrared 
spectroscopic method. The population of a particular type of surface 
site was selectively varied. The effect of such a variation upon the 
amount of HS adsorbed under a similar set of adsorption conditions 
was then evaluated. From the results so obtained, the type of sites 


involved in H5S adsorption could then be determined. 
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The population of the surface Bronsted-acid sites was varied 
by evacuating the catalyst at different temperatures. After a | 
Y -alumina wafer had been subjected to the pretreatment procedure 
mentioned in Section 4.2, pure water vapor was introduced to re- 
hydrolyze the catalyst at room temperature. The "hydrolyzed" catalyst 
wafer was then evacuated under various temperatures. As temperature 
increased, the population of the Bronsted-acid sites (represented by 
the magnitudes of the hydroxyl bands of the infrared spectrum as 


indicated in Figure 6-3) decreased according to the following reaction 


; i H. os 
Al os Al oe Al 


Ty) te (625) 


One the completion of evacuation at each temperature, the catalyst 
wafer was cooled back to room temperature for Hos adsorption. 

The aluminum ion sites on Y-alumina surface exhibit Lewis- 
acid behavior. An adsorbate with uncoordinated electrons is capable 
of interacting with aluminum ion sites (Lewis-acid sites). Both 
pyridine and ammonia molecules have an unshared pair of electrons on 
the nitrogen atom and hence are Lewis-bases. Parry and others [100, 
104] have used pyridine and ammonia for selective adsorption on 
y -alumina surface. Presumably, these two Lewis-bases are adsorbed 


on the Lewis-acid sites in the following manner 
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Figure 6-3. 


3700 3400 
FREQUENCY (cm-1) 


Infrared Spectra of OH Groups of Y-Alumina 
Evacuated at (A) Room Temperature (B) 100°C 
(c) 200°C: (Cp) 306°C CE) 400°C (FY 500°C. 
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a CoH5 
030 0 fo 
Al Ay 
(2.18) (2.19) 


The infrared spectra of adsorbed ammonia and pyridine on 
Y-alumina are shown in Figure 6-4 (B) and (C). A broad hydrogen- 
bonding band at around 3500 erin was observed with the disappearance 


of the hydroxyl band at 3785 cm! 


in both spectra. Both ammonia and 
pyridine were believed [104] not to adsorb on the Bronsted-acid sites 
through hydrogen-bonding. Rather, the hydrogen-bonding was formed 
between the adsorbate and the neighbouring Bronsted-acid sites. Other 
spectral bands of the adsorbed NH. occur at 3841, 3280, 1620 and 


] 


1442 cm . The relative magnitudes of the latter two bands, were much 


larger than the former ones. For the adsorbed pyridine, the spectral 


bands were at 3085, 3064, 1617, 1575, 1490 and 1458 cm! 


All bands 
but those at 1617 and 1458 cm! were weak. 

The magnitude of the spectral bands of the adsorbed species 
could be varied in two ways: first, by using different pressures of 
adsorbate and second, by performing adsorption at different tempratures. 
In the present work, an arbitrary amount of pyridine or ammonia was 
contacted with the catalyst wafer at room temperature to provide an 
initial magnitude of spectral bands. The catalyst wafer was then 
evacuated at room temperature and eventually, by evacuating at progres- 


sively higher temperatures, it exhibited spectral bands of smaller 


magnitude. 
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and 1617 cm”! spectral 


The intensities of the 1620 cm 
bands were chosen to represent the amounts of adsorbed ammonia and 
pyridine. This was due to their relatively strong intensity and 
freedom from interference of the spectral bands of adsorbed Hos (and 
the adsorbed S0. discussed in Section 6.3). Both ammonia and pyridine 

were found not to react with hydrogen sulfide on Y-alumina, as 
confirmed by the infrared spectroscopic analysis. Since ammonia and 


pyridine are both adsorbed on the Lewis-acid sites, the 1260 cm”! or 


fel? cn 


Spectral band could be used as a measure of Lewis-acid site 
occupation. 

In the case of oxide ion sites, Schwab and Kral [128] found 
that boron trifluoride and acetic acid could be selectively adsorbed. 


Presumably, adsorption took place in the following manner. 


' 
0 C-CH. 
F i 0 
3 €- CH y 
B 0 3 W 
H : H 0 
0 0 0 0 | 
Va eee ~ 
Al Al Al OR Al 
(Ja (II) 
(6.6) (6.7) 


The infrared spectrum of adsorbed acetic acid on Y-alumina ' 

(Figure 6-4 E) is characterized by a broad hydrogen bonding band at 
around 3500 cm7! and three other bands at 1561, 1468 and 1355 cm !. 
For adsorbed boron trifluoride (Figure 6-4 F), a spectral band at 


1402 cm! is detected but not the broad hydrogen bonding band. In this 


work, the 1561 chk band was chosen to represent the amount of adsorbed 
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acetic acid on Y-alumina because of its relatively larger magnitude. 
For the adsorbed boron trifluoride, there was no choice but to pick 
the only band, 1402 cm. Since acetic acid and boron trifluoride are 
adsorbed on the oxide-ion sites of youn the magnitude of the 
1561 cm” | or 1402 cm! bands could be used as a measure of the 
occupation of these sites. The method of varying the amount of 
adsorbed acetic acid and boron trifluoride on Y-alumina was the same 
as that used for ammonia and pyridine. No reaction was found between 
hydrogen sulfide and acetic acid or boron trifluoride on Y-alumina 
Surface, as confirmed by the infrared spectroscopic analysis. 

With every variation in the amount of each adsorbate on 
Y-alumina, 5 cm Hg pressure of HoS vapor was allowed to contact with 
the catalyst wafer later at room temperature for 2 h. An infrared 
spectrum of the adsorbates on Y-alumina was then recorded at room 
temperature. For each spectral scan, there are mainly two types of 
adsorbates on the catalyst surface. One is H5S and the other is the 
Species preadsorbed prior to HS exposure (ammonia, boron trifluoride 
etc.). Since each adsorbate (excluding HoS) could be used as a 
measure of the occupation of a particular type of sites, by plotting 
the magnitude of the spectral band of this adsorbate and that of the 


adsorbed HS, the importance of a particular type of sites towards HS 


2 
adsorption could be examined. When the Bronsted-acid sites are 


examined. When the Bronsted-acid sites are examined, only one adsor- 


bate HS is present on the catalyst surface and the magnitude of the 


2 


adsorbed H,S spectral band is plotted against that of the surface 


(a 
hydroxyl groups. All results are summarized in Figure 6-5. There is 


not much significance on the absolute value of the infrared absorbance 
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of the adsorbates shown. More important are the slopes of the lines, 


which will be used for discussion in the next section. 


6.2.1.1 Bronsted-acid Sites 


Deo et al. [34] proposed the following model for H,S 


2 
adsorption on the Bronsted-acid sites of Y-alumina based on the broad 


hydrogen bonding band and the disappearance of the hydroxyl band 


observed in his infrared spectrum of adsorbed Hos. 
H 
H --- ae | 
; H (2.26) 


The hydrogen bonding was formed between the bydrogen atom of the 
Bronsted-acid site and the sulfur atom of HoS. 

The broad hydrogen bonding spectral band is not sufficient 
to verify the model proposed above. Peri [104] provided experimental 


could 


evidence to prove that the broad spectral band around 3500 cm 
be attributed to the hydrogen bonding between hydrogen and oxygen. 
Deo et al. did not provide evidence or explanation about any 
difference in the spectral bands between the hydrogen bonding formed 
by hydrogen-oxygen and that by hydrogen-sulfur. The following models 


probably can also account for the same observation of the broad 


hydrogen bonding band produced by adsorbed H5S on Y-alumina. 
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On the surface of a catalyst, one type of site may not be 
completely isolated from the influence of other types of sites in the 
neighboring area. As measured by Peri [104],there is always a 
Significant quantity of hydroxyl groups on the surface of Y-alumina, 
even at temperature as high as 500°C. Hydrogen bonding formation 
need not proceed via the adsorption of adsorbates on the surface 
hydroxyl groups. 

Figure 6-5 (A) shows that as the magnitude of surface hydroxyl 
band (population of Bronsted-acid sites) increases, the magnitude of 
the adsorbed H,S band (population of adsorbed HS) decreases. If HoS 
is adsorbed on the Bronsted-acid sites, as proposed by Deo et al. [34], 
the reverse situation should happen. The results in Figure 6-5 (A) 


clearly demonstrate that HS is not adsorbed on the Bronsted-acid sites 
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of Y-alumina. As a result, the broad hydrogen bonding band and the 
disappearance of the 3785 cm! hydroxyl band recorded by Deo and also 
in the present work should be interpreted as the interaction of 
adsorbed HS with the neighboring oxide-ion sites and Bronsted-acid 
Sites ,OT +hy,+0 lumina. 

On the other hand, if H5S is not adsorbed on Bronsted-acid 
sites, then the line in Figure 6-5 (A) should be horizontal. This 
means that a fixed amount of Hos may be adsorbed regardless of the 
population of Bronsted-acid sites. This will be explained in greater 


detail in Section 6.2.1.3. 


6.2.1.2 Oxide-ion Sites 

Very little has been discussed in the literature about Hos 
being adsorbed on the oxide-ion sites of Y-alumina. Deo et al. [34] 
proposed that 50, could interact with the surface oxide-ion sites to 


produce a sulfate like structure shown below 


ee 


a0 (2.29) 
be NERA =~ 


Using similar model, the interaction of HS with oxide-ion sites was 


suggested by Deo et al. [34] as shown below 


H H 
Le ee 


. (6.9) 
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Figure 6-5 (D) and (E) both exhibit the relation between the 
extent of occupation of oxide-ion sites (magnitude of the spectral 
bands of adsorbed acetic acid or boron trifluoride) and the population 
of adsorbed HS. The almost horizontal ereerare line of Figure 6-5 (E) 
implies that no matter how many oxide-ion sites were occupied by boron 
trifluoride, about the same amount of H5S can be adsorbed on the 
Y-alumina surface. The results clearly demonstrated that HoS iS not 
adsorbed on the oxide-ion sites. The more negative slope of the line 
indicated by Figure 6-5 (D) will be explained in greater detail in 


SECEION) 0.2.1.3. 


6.2.1.3 Lewis-acid Sites 

De Rosset et al. [33] found that adsorbed HA0 or HS both 
presented the development of the acid color by dicinamal acetone 
(pK, = -3.0) on Y-alumina surface. While it is difficult to determine 
whether conversion of the dye to its conjugate acid is due to interac- 
tion with a Lewis- or Bronsted-acid site, the experiment clearly 
Showed that HS reacts as a base with the acid sites of Y-alumina. 
High isosteric heats of adsorption for HS (25 to 38 Kcal/mol, 
depending on the degree of predrying of the alumina) were detected by 
De Rosset et al. and they argued that reaction of HS with a surface 
Bronsted-acid site (as suggested by Deo et al.) by hydrogen bonding 
could not account for a high heat of adsorption. Instead, reaction of 
H5S at a Lewis-acid site would create an Al-S bond and more nearly 
satisfy energetic requirements. They did not indicate whether such 


adsorbent-adsorbate interaction was capable of transforming part of 


A150, into Al,S3- Similar high isosteric heats of HS adsorption (16.3 
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and 32.5 Kcal/mol at 0.02 mol/m* and 0.42 mol/m* at 423°K) on 
y-alumina were also measured by Glass and Ross [46]. 


In the present work, the strong interaction of adsorbed H,S 


2 
with Y-alumina surface was also noticed. The magnitude (absorbance) 


of the spectral bands at 2565, 1568 and 1345 ems; which represent the 
adsorbed Hos on Y-alumina, eouild not be diminished by prolonged 
evacuation at room temperature. 

Figure 6-5 (B) and (C) exhibit the relation between amount of 
adsorbed ammonia and pyridine (which represents the extent of occupa- 
tion of Lewis-acid sites) and that of adsorbed Hos and Y-alumina. The 
plot shows that as more Lewis-acid sites are occupied (more adsorbed 
ammonia or pyridine) less H5S could be adsorbed. This implies that 
Lewis-acid sites are important for HS adsorption, a conclusion which 
coincides with that of De Rosset et al. The HoS adsorption can be 
represented by any one of the following models depending upon which 


sites are in the immediate vicinity of the adsorbed Hos. 


H H H H 
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All three models could exist simultaneously on the catalyst 
surface and all could involve hydrogen bonding and agree with the 
results of infrared spectrum for adsorbed H5S on Y-alumina. 


Slager and Amberg [133] did not believe that HoS is adsorbed 
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on Bronsted-acid site of Y-alumina by hydrogen-bonding, as proposed by 
Deo et al. [34]. They observed a shift of -166 cm! asymmetric 


stretching frequency and +51 cm! 


bending frequency from the gas-phase 
to adsorbed HS by using infrared spectroscopic measurements. Such a 
shift could not be explained by the hydrogen bonding formation between 
the sulfur atom of the Bronsted-acid site. They proposed the following 


model for H5S adsorption. 


(22%) 


In this model, H5S is adsorbed on the Lewis-acid site which agrees with 
the experimental results of the present work. Hydrogen bonding is 
formed between the hydrogen atom of the H5S and the oxygen atom of the 
Bronsted-acid site. 

In addition, they also observed the increase in intensity of 
the spectral bands in the hydroxyl and hydrogen bonding region of 
around 3600 cml as well as the appearance of the spectral band at 
1625 cm! which represents the bending mode of the adsorbed water. 

They proposed that adsorbed HzS decomposes to produce hydroxy! groups 


and water as shown below, 


138 


(AS.) 


ddtw 2eotps doidw atte broe-2twe. sad fo’ padwabs at eat it 
| at piibaod nagovbye. iow: snseonn SAI: Tovedtveen 
anit 46 Hots nepYXo SAF brs gH ‘arte *e ose nspoybed “eid | 
40 Ydtangint nt.sesst ont ont bavisailo anal yet notes RE | 
Yo wofpsy gaitbrod noposbit: bog Tyxoubyn ont nt abned) fehsasae 8 h 

ts brad iprdaeqe ot to, sone 69aqe va 26 Pion 26 Ya nae’ t 4 

193 BW /padaoabs ani to sbom enttiied: ait 2dnezorgs sot aw 5 > 282 
equoip iyxorbys ane od aszoqmoash) 2x4 badvozbs Iei3 “vozoaora ve 
on mworte es eI 


ay | 


HH 
nee © ss ee . 
mam ok 2 RE a o 
‘ee FA vA tA an 
(85-8) | 


These were supported by infrared spectroscopic and gravimetric measure- 
ments. The authors could obtain a linear relation between the total 
weight of the adsorbed material and the sum of the area of the infrared 
5° and H,0. 

The Y-alumina catalyst used by Slager and Amberg was pre- 


spectral bands of the adsorbed H 


treated in the same way as the “oxidized-alumina" in the present work 
mentioned in Section 6.1. Results similar to those observed by Slager 
and Amberg were discussed in Section 6.1 upon adsorption of H,S on 
“oxidized alumina", although a broad hydrogen-bonding band at around 
3300 cm | band was recorded. It was difficult to confirm whether there 
was any increase in hydroxyl groups upon Hos adsorption on "reduced 
alumina" because all spectral bands of the hydroxyl groups (except that 
of 3785 cms!) were covered by the broad hydrogen bonding band. From 
the close similarity of the molecular structures of Hos and H0 and the 
Slight difference between the dissociation energies of OH and SH bonds, 
it is quite possible that some adsorbed HS can dissociate in a similar 


way to that of H,0 upon dehydrated Y-alumina as confirmed by many 


2 
published works [100,104]. The possible dissociation of HS on 
Y-alumina was demonstrated in the present work by isotopic exchange 
method. First, the surface OD groups which have infrared bands at 
around 2700 cm”! were created by contacting DA0 vapor with Y-alumina. 
On contacting the Y-alumina with HoS; the magnitude of the OD bands 
diminished while that of OH groups increased. The qualitative adsorp- 
tion-dissociation nature of H5S has also been investigated by Sabatier 


and coworkers [122,123]. De Rosset measured H58 adsorption on 


Y-alumina and from the energy of adsorption, concluded that some 


adsorbed H.S dissociated with the formation of surface aluminum sulfide. 
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Little is known about the nature of Hos dissociative adsorption, e.g. 
what percentage of the adsorbed Hos is dissociated and under what 
conditions. However, it has been demonstrated in the present work 
that dissociation of adsorbed Hos on Y-alumina, if it occuurs, did 
not proceed far enough to produce adsorbed H,0 because the spectral 


1 


band of adsorbed H,0 at 1625 cm was not detected upon adsorption of 


2 
Hos on "reduced alumina". 


6.2.2 Adsorption Model Concluded from the Present Work 

From the results mentioned in Section 6.2.1, it has been 
concluded that Hos is not adsorbed on the Bronsted-acid or the 
oxide-ion sites of Y-alumina. It is adsorbed on Lewis-acid site 
and presumably a strong chemical bond is formed between the 
adsorbate and adsorbent because adsorbed Hos could not be removed 


by evacuation at room temperature. The postulated adsorption model 


is shown below, which is similar to that by Slager and Amberg I33i). 
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The H5S is adsorbed on Lewis-acid site via its sulfur atom and 
various hydrogen bonds can be formed as shown depending on the types 
of sites in the immediate vicinity of the adsorbate. The above 
model also agrees with the experimental evidence collected from a 
number of other published works [33,133]. 


Partial decomposition of adsorbed H,S on dehydrated 


2 
Y-alumina is possible although the extent of decomposition is not 


certain and it does not proceed far enough to produce adsorbed water. 


Immediate formation of water upon adsorption of Hos on dehydrated 
alumina is not likely without the presence of surface oxygen | 
(Section 6.1). Some of these results agree with those of past 
workers [34,133]. 

The adsorption of HAS on Lewis-acid sites can be used to 
explain the results in Figure 6-5 (A), which shows that although 
Bronsted-acid sites are not responsible for Hos adsorption, they do 
affect the amount of adsorbed H5S on Y-alumina. As Bronsted-acid 
sites increase, the amounts of adsorbed HS on Y-alumina decreases. 
As proposed by Peri [104] and Parry [100], the hydration of 
Y -alumina by water involves the creation of two Bronsted-acid 


sites and the occupation of one Lewis-acid and one oxide-ion site. 
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Therefore, as more Bronsted-acid sites are created by increasing 
hydration, more Lewis-acid sites are occupied. With Hos being adsorbed 


on Lewis-acid sites, it explains why the amount of adsorbed H-S 


2 
decreases with increase in Bronsted-acid sites. 

-A similar explanation applies to Figure 6-5 (D) , which shows 
that progressively less H5S could be adsorbed if the Y -alumina surface 


is preadsorbed with increasing amounts of acetic acid. As acetic acid 


is adsorbed, one Lewis-acid and one oxide-ion site are occupied 


as 
C=0 
H 0 
+ CH.COOH 
0 wali : CH.,CO0 ae lean o 
Ae AL Ae Av (6.7) (1) 


6.2.3 The Effect of Temperature on H,.S Adsorption 


2 


In the previous Sections, the measurements of HoS adsorption were 
carried out at room temperature. To provide more’ informations, 
the adsorption was also investigated at higher temperatures. 
Figure 6-6 shows the infrared spectra of the adsorbed Hos on y-alumina 
wafer at various temperatures. At each temperature, about 5 cm Hg absolute 
pressure of Hos vapor was allowed to contact the wafer for 2 h before 


an infrared spectrum was recorded. 
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As indicated in Figure 6-6, the magnitude of the infrared 
spectral bands of adsorbed H5S decreases as the adsorption temperature 
increases. At temperatures above 100°C, these bands become almost 
undetectable. This may or may not indicate the absence of adsorbed 
H5S at temperatures higher than 100°C. It depends on the sensitivity 
of the infrared spectroscopic analysis of adsorbed HS. With less than 
half a gram of Y-alumina in the wafer the amount of adsorbed HS may be 
too low to allow infrared spectroscopic detection. From the volumetric 
measurements of Hos adsorption on Y-alumina by de Rosset [33] and Ross 
[45], significant amounts of H5S could be adsorbed at a temperature as 
high as 500°C. Table 2-3 shows some of the adsorption data collected 
by De Rosset and Ross. The reason suggested why the volumetric method 


could detect HS adsorption on Y-alumina but the infrared spectro- 


2 
scopic method could not is that a much larger sample of Y-alumina could 
be used in the volumetric method. In the infrared spectroscopic method, 
too large a sample would produce a wafer with a thickness that would 


substantially reduce its transparency to the infrared beam and this, in 


turn, greatly reduces the analytical sensitivity. 


6.3 Adsorption of SQo on Y-alumina 

The work described in this Section parallels that described 
in Section 6.2 except that SO. instead of Hos was used. 

The adsorption of SO, on Y-alumina at room temperature 
produced an infrared spectrum characterized by a broad hydrogen bonding 
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band around 3500 cm with the disappearance of the hydroxyl band at 


3785 em as shown in Figure 6-8 (A). Three other spectral bands at 
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2499, 1335 and 1140 cm” | attributed to adsorbed $0, were also detected. 
These agree with other observations [34,78]. From the infrared spectrum 
alone, it is difficult to conclude what type of site which 50, is 
adsorbed on Y-alumina. Unlike the Hos adsorption, the color of 

Y -alumina wafer did not become yellow. Identical results were obtained 
regardless of whether $0, is adsorbed on "oxidized alumina" or "reduced 
alumina". The infrared spectral band frequencies for gas-phase SO. and 


50. adsorbed on y-alumina are summarized in Table 6-2. 


TABLE 6-2 


INFRARED BAND FREQUENCIES FOR 50. ADSORBED ON 


Y-ALUMINA AT ROOM TEMPERATURE 


Compound Observed Gas Phase Assignment 
Frequencies Frequencies 
(om!) (om!) 
50, 1140 1130 

1159 

1335 
1342 S-0 (stretch) 
1351 
1365 

2499 2480 
2497 S-0 (bend) 
2509 
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6.3.1 Selective Adsorption Method to Evaluate Sites 
of Adsorption 


The methods and experimental steps used in this Section to 
evaluate the type of site for S0, adsorption on Y-alumina were 
exactly the same as those described in Section 6.2. 

From the infrared spectroscopic analysis, it was found that no 
reaction occurs between the adsorbed S0, and any other absorbate used 
in the present work. The results for 50, adsorption on y-alumina which 
are analagous to those of Hos adsorption in Section 6.2 are summarized 


in Figure 6-7. 


6.3.1.1 Bronsted-acid Sites 


Deo et al. [34] studied the 50, adsorption on y-alumina using 
infrared spectroscopic techniques and with the broad hydrogen bonding 
spectral band at around 3500 ema plus the disappearance of the hydroxy] 


band at 3785 cm | they proposed that 50, may be adsorbed according to 


the following schemes: 


S 


0 0 


ie 
H 
0 


---Om---w 


0 0 0 
Cx eg ie Se hk 
(1) (II) (6.12) 


Actually, the infrared spectral observations by Deo et al. are in- 


sufficient to support the above two schemes. The following alternatives 


can also account for their infrared spectral observations, 
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(6.13) 


Figure 6-7 (A) shows that as the surface Bronsted-acid sites 
increase, the amount of adsorbed 50, On y-alumina decreases. This 
demonstrates that 50, is not adsorbed on the Bronsted-acid sites. The 
detection of a broad hydrogen-bonding band and the disappearance of the 
hydroxyl band at 3785 en upon $0, adsorption,as observed by the infra- 

red spectroscopic technique, are believed to be due to the interaction 
of adsorbed SO, with the neighboring Bronsted-acid sites. 

On the other hand, if 50, is not adsorbed on Bronsted-acid sites, 
Korizontal lines should be shown in Figure 6-7 (A) and not lines with 


negative slopes. The explanation will be discussed in Section 6.3.1.3. 


6.3.1.2 Oxide-ion Sites 


Deo et al. [34] found that when the absolute pressure of SO, 
vapor in contact with the Y-alumina was increased to 3.1 cm Hg., new 
infrared spectral bands at 1685 and 1250 cm” | as well as a weaker pair 
at 1410 and 1090 em | were detected. They attributed these to the sym- 
metric and asymmetric stretching vibrations of the perturbed adsorbed 


S0,. Upon increasing the temperature of adsorption to 400°C and cooling 
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to room temperature, a further pair of bands at 1570 and 1440 em! 


appeared. Finally, after evacuation at 400°C and cooling to room tempe- 


rature, two pairs of bands at 1375-1110 cm! and 1570-1440 cm: | remained. 


They Suggested two interpretations. One was that the two pairs of 
remaining bands represent different chemisorbed species, each vibrating 
with its own characteristic frequency. They did not elaborate on the 
forms of the hypothetical chemisorbed species and the types of sites 
involved in the adsorption. The other explanation involves the possible 
formation of surface sulfate which the authors depicted as follows: 


0 a0 
SS : Le 
Sh Ale ee BA u< af 


AQ mw ie (2.29) 
| 


The infrared spectral bands of some inorganic sulfites, sulfates and 
bisulfates are listed in Table 2-5. A strong spectral band at around 
1100 cm”! exists in every compound listed. Only those members with 
crystallite water produce a sizeable band around 1600 cm” | which 


represents molecular water. None of them possess the two pair of bands 


] 


at 1375-1110 cm™! and 1570-1440 cm”! as observed by Deo et al. This 


Shows that the two pairs of bands observed by Deo et al. may not be 
sulfate bands. The experimental exploration of sulfate formation on 
Y-alumina in the present work will be discussed in Section 6.4. 
Figure 6-7 (B) and (C) exhibit that when the adsorbed BF, and 
CH,COOH increase (oxide-ion sites decrease), the amount of adsorbed 


S0,, decreases only very slightly. Although these results did not prove 


2 


that SO. is not adsorbed on oxide-ion sites, they do show that the 


2 
oxide-ion sites are not very important for S0, adsorption. Section 
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6.3.1.3 will provide further clarification on this point. 


6.3.1.3 Lewis-acid Sites 


Figure 6-7 (D) and (E) show that as the surface Lewis-acid sites 
decrease (amount of adsorbed NH. and pyridine increase), the amount of 
adsorbed 50, decreases. This clearly demonstrates that Lewis-acid sites 
are important for 50, adsorption. The adsorption may be depicted by the 


following scheme: 


(6.14) 


In the above scheme, 50, is adsorbed on Lewis-acid site via its sulfur 
atom. Low et al. [79] observed a shift of 24 cm! in the spectral 
band frequency from gas-phase S05 to the adsorbed S0, on CaO via 
sulfur atom and a similar shift of 32 cm! was observed in the present 
work. With this type of adsorption scheme, it is possible to explain 
the results in Section 6.3.1.1 and the arguments used are the same as 
those in Section 6.2.2 Similarly, it could explain the results in 


Section 6.3.1.2 by using the arguments in Section 6.2.2. 


6.3.2 Adsorption Model Concluded from the Present Work 
From the present work, the model concluded for 50, adsorption on 


y-alumina is shown below, 
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The 50, is adsorbed via its sulfur atom on the Lewis-acid site of 
y-alumina and various forms of hydrogen bonding could be formed, as 
shown in the model, depending on the types of Bronsted-acid sites 
surrounding the adsorbate. 

Unlike the adsorbed HAS; the majority of the adsorbed SO. could 
be desorbed by evacuation at room temperature. Such physical adsorption 
has also been noted by other workers using the volumetric measurement 
method. Ozawa et al. [97] found that the amount of SO, adsorbed 
increased monotonically with pressure. Ross et al. [118] considered the 
S0, adsorption to be a physical surface process. 

On the other hand, Roux et al. [120] observed a high heat of 
adsorption at initial low loading and then the heat dropped and leveled 
off quickly with increase S05 adsorption on H-mordenite. They attributed 
this to the surface heterogeneity of the catalyst. Strong chemical 
adsorption could occur on some specific sites and when these sites 
are occupied, the remainder of the adsorption would proceed 
by physical .process. A similar phenomenon was observed by 
Glass and Ross [46] from their investigation of S0, adsorption below 


monolayer coverage on silica gel. 


6.3.3 The Effect of Temperature on 50, Adsorption 


Figure 6-8 shows the effect of temperature on 50, adsorption. 
The infrared spectra were recorded with the y-alumina wafer in contact 
with 5 cm Hg absolute pressure of 50, at various temperatures. Each 
contact was allowed to proceed for 2 h before the recording of infrared 


spectrum. From Figure 6-8, it may be seen that as temperature increases, 
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the amount of adsorbed SO, decreases. At 100°C or higher, the spectral 
bands of adsorbed SO, become non-detectable. This may infer that 
negligible amount of SO, adsorption occurs at temperatures higher than 
100°C. The decrease in 50, adsorption with increase in temperature 
was also noted by Roux et al. [120]. They found that the amount of 
adsorbed SO. at 160°C on H-mordenite is only 0.4% that of O°C. Other 
published works, listed in Table 2-6 show that 0.5 - 2.0 mol/m* of 
S0, could be adsorbed on Y-alumina and Silica Gel at 80 - 150°C as 
measured by the volumetric method. Comparing the published results 
with those of the present work, the failure to detect infrared spectral 
bands of adsorbed SO, above 100°C probably means that the quantity of 
Y-alumina used is too little and hence the amount of adsorption too 


small to allow detection by infrared spectroscopic techniques. 


6.4 The Relative Importance of Various Types of Sites for Reaction 
In Section 6.3, it has been concluded that both Hos and SO, 


are primarily adsorbed on the Lewis-acid site of Y-alumina via their 
sulfur atoms. It is the purpose of this section to investigate 
whether Lewis-acid sites (or any other types of sites) are essential 
for the reaction between H5S and S0,- 

In heterogeneous solid-catalyzed gas-phase reactions, several 
physical and chemical steps may be involved before reactants are 
converted into products. The physical steps involve mass transfer 


processes whereas the chemical steps involve adsorption-desorption 
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processes or chemical reactions. The latter may be a simple trans- 
formation of reactants directly into products or may involve several 
steps in which more than one reaction intermediate may be formed. 
After two reactants are adsorbed, they produce a number of reaction 
intermediates and in doing so, often require the participation of 
other catalytic surface sites not related to the adsorption. Depen- 
ding on which reaction step is rate controlling, the type of sites 
which are responsible for adsorption may not be as critical as those 
Sites which take part in the intermediate reaction steps. 

In this section, the results of addition of various chemicals 
to the feed which are selectively adsorbed on a particular type of 
Sites on Y-alumina were presented to the reactor. The reaction rates 
under a fixed set of conditions and with the presence of different 
chemicals for selective adsorption are then compared. Pyridine and 
ammonia were chosen for selective adsorption on Lewis-acid sites and 
COOH for oxide-ion sites. If the reaction rate 


HCl, BF. and CH 


3 3 


between HoS and S0, 


than that in the presence of HCI or BF. or CHCOOH , then Lewis-acid 


in the presence of pyridine or ammonia is lower 


sites would be expected to be more critical than oxide-ion sites. 

A uniform catalyst weight of 100 mg was used in all the runs 
while all the reaction temperatures and pressure were set at 256°C and 
715 mm Hg. The feed stream contained 4.0 mol % HoS; 2.0 mol % S0., and 


94.0 mol % No. In cases where a "selective adsorption" agent was used. 
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10.0 mol % No in the feed stream was replaced by that agent. Due to 
the possible irreversible adsorption of these agents on y-alumina, the 
used catalyst wafer was always replaced by a new one whenever the agent 
was changed. The analysis was done by the infrared spectroscopic method 
and the extent of 50, consumed was chosen to measure the reaction 
conversion. 

The results are summarized in Figure 6-9. Curve (A) represents 
a series of runs without any “selective adsorption" agent and was used 
as a basis for comparison. Highest reaction conversions were achieved 
in this as compared to other series of runs. Before the commencement 
of other series of runs, the possible reaction between any of the 
"selective adsorption" agents and the reactants (HS or $0.) was 
carefully examined and the results showed that no reactions occurred. 

Curves (B) and (C) represent the runs where the feed streams 
contained NH and pyridine, repectively. The S0, conversions shown 
were less than those depicted in curve (A). Two interpreations may be 
given to such observations. One is that pyridine and NH, competed with 
the reactants for adsorption while the other is that Lewis-acid sites 
may participate in the reaction (besides adsorption) and hence being 


partly occupied by pyridine or NH the reaction rate is lowered. 


Curves (c), (£D) and (£) are results of runs when the feed 
Streams contained HCl, CHCOOH and BF. respectively. The 50, conver- 
Sions indicated by these curves are much lower than for the previous 
curves. This is most clearly demonstrated by curve (E) where the S05 
conversion is almost zero. Both HCl] and CH.COOH are adsorbed on the 


Lewis-acid and oxide-ion sites while BF is adsorbed on oxide-ion sites 


only. 
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From the results of the curves shown in Figure 6-9, the extreme 


9° and 50, has 


been clearly demonstrated although these sites are not responsible for 


importance of oxide-ion sites for the reaction between H 


the adsorption of either reactants as shown in Sections 6.2 and 0.0. 

Such experimental evidence may imply that the reaction mechanism between 
Hos and SO, is not of the simple Hougen-Watson type where the two 
reactants are adsorbed on the adjacent Lewis-acid sites and then react 
with each other to form the products. Some sort of intermediate reaction 
steps which involve the participation of oxide-ion sites may be the rate- 
determining step(s). 

It was very difficult to evaluate the importance of the Bronsted- 
acid sites on the reaction in the present work. Although by NaOH 
impregnation, the Bronsted-acid sites can be decreased and there are some 
chemicals which can be selectively adsorbed on Bronsted-acid sites, 
the results so produced can be ambiguous. The reason is that Bronsted- 
acid sites can be continuously generated by water which is a product 
from the H5S/S0, reaction. Moreover, water vapor pressure (which in 
turn is related to reaction conversion) and reaction temperature also 


play an important role in affecting population of Bronsted-acid sites. 


6.5 Sulfate Formation on Y-alumina 

The sulfate ane on Y-alumina has been investigated by 
others [65,102], as mentioned in Section 2.3.3.3. Two approaches 
were adopted in the present work for such an investigation. 


The first approach involved the use of infrared spectroscopic 
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method. ‘A wafer containing 100 mg of Y-alumina was contacted with 
SO,» 0, or SO, vapor under various conditions and then the presence of 
Sulfate was amalyzed by taking an infrared spectral scan at room 
temperature. The second involves wet chemical analytical methods. A 
5 g batch of Yy-alumina was exposed to gaseous S05» 0 


or SO. at 


2 3 
various conditions. The catalyst was then removed and boiled in 50 ml 
IN HCl solution, filtered and washed with 100 ml of boiling water 
twice. The filtrate and wash-solution were combined and cooled to room 
temperature. Excess BaCl. solution was added, the mixture stirred and 
allowed to sit overnight. The mixture was then filtered and washed 
through an ashless filter paper. The filter paper was ignited ina 
crucible whose weight was measured before and after the ignition to 
determine any ash present. Sufficient KBr was added to the crucible 
to mix with any ash present and a wafer was prepared from the mixture. 


The infrared spectroscopic method was used to detect any presence of 


BaS0., or BaS0, on the wafer. 


6.5.1 Sulfate Formation from 50, 


First, the experiments performed by Deo et al.[34] were repeated 
twice to determine whether the pair of infrared spectral bands at 1570- 
1470 cm”! , which they attributed to possible sulfate formation, could 
be detected here. The experimental procedures were the same as outlined 
in Section 2.3.3.1. The y-alumina catalyst used by them and in the 
present work was of the same type (Alon). Sufficiently slow scanning 
speed was used to ensure an adequate sensitivity of the analysis by 


the infrared spectrophotometer. 
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Attempts to locate the 1570-1470 cm’! pair of spectral bands were 
completely unsuccessful. Eventually much higher 50, pressure (50 cm Hg) 
and longer contact time (36 h) than those in Deo's work were used and 
Similarly, it was not possible to observe any spectral bands around 
1570-1470 cm”! 

The experiments were repeated yging 5 g stead of 100 mg of cata- 
lyst and wet chemical plus infrared spectroscopic analysis were adopted. 
Again, neither Bas. nor BaS0, nor any other sulfite/sulfate could be 
detected. Apparently, contacting of 50. with y-alumina under the 


experimental conditions adopted in the present work does not generate 


observable amounts of sulfite or sulfate. 


6.5.2 Sulfate Formation from 50, and 0. 


Since sulfate formation could not be detected by contacting the 
Yy-alumina with S05 alone, another series of experiments involving both 
50, and 0, was carried out. The experiment consisted of two parts. 
First, alternate 100 cm Hg doses of SO, and 0, were contacted with the 
same Y-alumina wafer at 400°C for 2 h, after which the treatment gas 
was evacuated. After a total of ten consecutive doses (five for 50, and 
five for 05), the wafer was evacuated and cooled to room temperature 

to be scanned by the infrared spectrophotometer. The acanning 

Speed as well as sensitivity were carefully controlled during recording 
of the spectrum. The second part of the experiment involved using three 
gaseous mixtures of 10:90, 50:50 and 90:10 SO, to 0, ratio to contact 


with Y-alumina separately for 12 h at 400°C and under a 600 mm Hg total 


pressure. For each mixture, a separate y-alumina wafer was used. After 
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each contact, the wafer was evacuated, cooled to room temperature and 
analyzed by infrared spectrophotometry. These experiments were repeated 
by using batches of 5 gm y-alumina and with the wet chemical plus the 
infrared spectroscopic method of analysis as mentioned in Section 6.5. 

All results failed to produce the pair of infrared bands at 
1570-1470 cm as observed by Deo et al. [34] but formation of sulfate 
was detected as shown in Figure 6-10. These bands bear a close 
resemblance to those of pure BaS0,, BaS0,, A1,(S03). or Al,(S0,). and 
indicate that in the presence of oxygen, formation of sulfate on 


y-alumina by contacting with SO. is possible. 


6.5.3 Sulfate Formation from 503 


Since sulfate formation on y-alumina was indicated by contacting 
with the gaseous mixture of $0, and 0.5 the next objective was to inves- 
tigate the formation of sulfate from S0,. A 100 mg of y-alumina wafer 
was placed in the infrared cell, subjected to the normal pretreatment 
used in this work and then . exposed to about 5 mm Hg absolute pressure 
of anhydrous $0, vapor at room temperature. The contact was maintained 
for 1/2 h and then the infrared cell was first evacuated for 2 h 
at room temperature followed by degassing at 400°C for 2 h. The infrared 
cell was allowed to cool slowly to room temperature and an infrared 
spectrum was taken on the y-alumina wafer. During the infrared scan, the 
S0,-treated wafer was placed in the sample beam while another equal size 
pure y-alumina wafer was in the reference beam of the infrared spectro- 
photometer. This matching was required since both the sulfite and sul- 


fate bands are near the alumina band, By placing an equal size wafer in 
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the reference beam, the intense Al-0 band could be compensated enabling 
any sulfate or sulfite present to be observed. The spectrum, as shown. 
in Figure 6-10, contains both the sulfite and sulfate bands at around 
1100 cm), These bands bear a close resemblance to those of pure BaSO 


Al or A1,(S0,)3. 


37 


BaSO SO 


of 3)3 
The experiment was repeated by using 5 g y-alumina and wet 


4? 


chemical plus infrared spectroscopic analysis. When excess BaCl., was 
added to the filtrate in the wet chemical analysis, a white precipitate 
was obtained. As analyzed by the infrared spectroscopic method, this 
white precipitate was found to contain both BaS0., and BaS0, as shown in 
Figure 6-10. 

By comparing the results in this section with those in the 
previous section, it appears that S03 and the S0,/0, mixture were strong 
enough chemically to form sulfate and/or sulfite on y-alumina while S0., 
alone was not. In the case of S0,/0. mixture, it was not clear whether 
S0,/0, reacted directly on the y-alumina surface to produce sulfate or 


indirectly via the formation of S03 first. 


6.5.4 Sulfate Formation in the Presence of Water Vapor 


Since water vapor is always present in the industrial reactors 
involving the Claus reaction, the possibility of sulfate formation by 50, 
or the mixture of SO, and 0, on y-alumina in the presence of water vapor 
was also investigated. A 100 mg y-alumina wafer was contacted at 400°C 
for 12 h with 30 cm Hg of $0, vapor which had been saturated with water 
at room temperature. The wafer was degassed for 12 h and cooled to room 


temperature for an infrared scan. During the scan, an identical wafer 
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of y-alumina was placed in the reference beam of the infrared spectro- 
photometer. No sulfite or sulfate could be detected in the analysis. 
The same result was obtained by repeating the experiment with 5 g 
y-alumina together with wet chemical plus infrared spectral analysis. 

The spectrum shown in Figure 6-10 was recorded after an experiment 
identical to the above but which involved 50 mol % of SO, and 0, in place 
of the S0,. Both sulfite and sulfate bands, although weak, were detected. 
The presence of sulfite and sulfate was confirmed by repeating the 
experiment with 5 g y-alumina and using wet chemical plus infrared 
spectral analysis. 

From the results, it appears that formation of sulfite or sulfate 
on y-alumina was feasible with the mixture of SO,» 0, and H,0 whereas the 
absence of 0, or SO, reduced the formation, if any,to a negligible rate. 

In order to evaluate whether the sulfite or sulfate formation on 
y-alumina was feasible under the experimental conditions of kinetic 
runs in the present work, the three y-alumina wafers employed in testing 
the catalytic activity in Section 6.10 were examined. These wafers al] 
had_a service history of 63 h (each with seven 9 h continuous runs). 

No sulfite or sulfate could be detected in any one of these wafers by wet 
chemical plus infrared spectroscopic analysis. Since any one batch of 
y-alumina used in the present kinetic runs had less than 40 h service, 


the possible effect of sulfite or sulfate on reaction rates could be 


neglected. 


6.6 Preliminary Kinetics Experiments 


Before commencing the kinetics study in depth, preliminary 


experiments were carried out. Ina "blank" run, possible homogeneous 
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reaction or catalytic effect of the equipment walls were examined. The 
reversibility of the reaction was then tested to determine whether the 
reverse reaction occurred at a detectable rate. The significance of mass 
transfer effects in gas-film or pore diffusion was also investigated. 
Finally, the stability of the catalyst activity was checked to ensure the 
reliability of the kinetics data. These experiments will be discussed 


in the following sections. 


6.6.1 Blank Run 


The possible catalytic effect of the surface of the experimental 
equipment was evaluated by using a feed containing 10.0 mol % HoS» 300 
mol % 50, and 85.0 mol % Nos first, without the recycle pump 
and then with the recycle pump in operation. Before the introduction 
of feed the reactor and feed system were cleaned carefully to eliminate 
particles of catalyst. During this test, the reactor pressure was main- 
tained near one atm. and the reactor temperature was increased from 200°C 
to 350°C in steps of 50°C. At each temperature, the operation was 
allowed to proceed for at least one hour before the feed and product 
analysis were performed. 

By measuring the water vapor content in the feed cell by infrared 
spectroscopy (according to Section 5.1.3), it was possible to determine 
if reaction had occurred in the system upstream from the feed cell. On 
the other hand, by comparing the concentration of 50, in both feed and 
product cells (again as per Section 5.1.3), the occurrence of chemical 
reaction in the reactor or recycle pump could be found. In all runs, no 


evidence of reaction could be detected. 
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The absence of reaction without catalyst was true only if 
reactants and products in the system remained in the vapor state. If 


either water or sulfur’was allowed to condense, reaction between H.S and 


2 
SO, could be observed to occur in the resulting liquid phase. This 
effect has previously been observed [22,64]. McGregor [84] studied the 

kinetics of the reaction between Hos and 50. over a bauxite catalyst and 


also reported that the surface of his equipment fabricated from 316 


Stainless steel was non-catalytic. 


6.6.2 The Reversibility of the Reaction 


The reaction between H5s and 50, is reversible, although the 
forward reaction is much more dominant at industrial catalytic reaction 
temperatures. To understand the reaction mechanism and to develop a 
kinetic model, it will be useful to ascertain the significance of re- 
verse reaction within the range of reaction conditions adopted for the 
rate measurements. In the present work, experiments were designed to 
investigate the equilibrium conversion of reaction (2.1) and to evaluate 


the extent of reverse reaction occurring at the conditions used. 


6.6.2.1 Equilibrium Conversion 

Gamson and Elkins[42] studied the rate of HoS/S0. reaction 
over bauxite and found the measured H5S conversion was higher than 
their theoretical equilibrium conversion for the same conditions. 
Cho [21] calculated theoretical equilibrium conversions by using the 
free energy minimization method [84] and published thermodynamic data 


[83,144]. He considered a stoichiometric ratio of HS/S0, in his feed 
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compositions. 

At 400°C, he found that as the N,/S0, ratio in feed compositions 
increased from 3 to 200, the equilibrium 50, conversion increased from 
76 to 89 %. 

Cho also measured the rate of reaction between H,S and 50, over 
a commercial y-alumina (Kaiser S-201) in a packed-bed reactor. Using a 
feed stream containing 95.5 mol % Nos 320 a vi Hos and 1.5 mol % 50, and 
Space velocities of 100 or 4 Ree his measured SO, conversions were 
5 and 10% higher than his calculated equilibrium conversions. 

The discrepancy between measured and calculated equilibrium conversions, 
as reported by both Cho [2] and Gamson [42], may be explained in two 
ways. First, the theromodynamic data used for theoretical equilibrium 
calculation may not be accurate. Secondly, both authors allowed the 
sulfur to condense in order to remove it from the product stream before 
undergoing chemical analysis. As a result, it may be possible that 
their observed conversions are excessive. | 

In this work, the equipment shown in Figure 6-11 was used to 
examine the estimation of equilibrium conversion for the H,S/S0, 
reaction. The equipment consisted of an infrared cell connected to a 
reaction chamber containing some catalyst pellets. The CaF, infrared 
windows at both ends of the infrared cell were sealed with the silicon 
potting compound. Except for the infrared windows, the only material 
of construction used for the equipment was 316 stainless steel. To heat 
this cell externally, two separate sets of nichrome wire were wound 
around the equipment and insulated with asbestos tape. The First cont 


of nichrome wire heated the infrared cell and the needle valve above it. 
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infrared cell window 


TOP VIEW 


infrared cell window 


SIDE VIEW FRONT VIEW 


Figure 6-11 Equipment Used for Reaction Equilibrium Study 
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The second coil of nichrome wire heated the reaction chamber and the 
needle valve located between the infrared cell and the reaction chamber. 
The voltage input to the nichrome wire could be varied:and the tempera-. . 
ture in the infrared cell (or the reaction chamber) was calibrated 
against the Variac settings. The two nichrome wire heaters allowed the 
infrared cell aad the reaction chamber to be heated separately. 

The equipment was carefully checked for the absence of leaks. 
To start an experiment, a known weight of Y-alumina was introduced 
into the reaction chamber by removing the plug at the end. After the 
plug was carefully secured, the entire equipment was connected to the 
vacuum system through the ball joint. The valve on the inlet line was 
slowly opened so that the infrared cell could be evacuated. Next, the 
valve on the reaction chamber side was opened to evacuate the chamber. 
After the system pressure was reduced below 0.01 mm Hg, the temperature 
of the infrared cell was gradually raised. The infrared cell could be 
heated to 250°C by setting the Variac at 50 V. When the temperature 
of the infrared cell was above 100°C, heating of the reaction chamber 
was commenced. It was important that the infrared cell temperature 
be above 100°C before the reactionchamber was heated because the water 
vaporized from the catalyst could recondense on the CaF. windows. The 
catalyst was degassed at 400°C for 16 h and then cooled back to the 
temperature at which the experiment was to be conducted. The 
temperature of the infrared cell was maintained at 250°C throughout. 

A gaseous mixture containing 4.0 mol % H,S, 2.0 mol % SO, and 
94.0 mol % N, was then introduced into the infrared cell (250°C). During 


the introduction, the needle valve -to the reaction chamber was closed 
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to prevent catalytic reaction. After the introduction, the total 
pressure in the infrared cell was measured by a manometer and the entire 
apparatus was transferred to the sample compartment of the infrared 
spectrophotometer for analysis. A complete infrared spectrum of the 50, 
in the infrared cell was recorded and this is shown in Figure 6-12 (A). 
Then, the valve leading to the reaction chamber, which contained the 
catalyst maintained at 210°C, was opened, allowing the gases to contact 
the catalyst. During this contact, the partial pressure of SO, in the 
infrared cell was determined at intervals. After about 6 h of reaction, 
the 50, partial pressure in the infrared cell was less than 5% of that 
present originally. The partial pressure of S0, increased slightly when 
the temperature of the reaction chamber was raised to 350°C.The results 
are shown in Figure 6-12. The accuracy of the equipment was inadequate 
for determining the exact extent of equilibrium conversion. However, it 
was quite evident that more than 90% of the reactants had been consumed 
after the 6 h contact with the catalyst. The measured equilibirum 
conversions are slightly higher than the theoretically calculated value 
[84,21] but lower than those measured by Cho [21]. 

The greater reliability of infrared spectrophotometry over gas 
chromatography for measuring the equilibrium conversion results from 
eliminating the need to condense sulfur for the IR analysis. To improve 
the reliability of equilibrium composition measurements, the equipment 
described herein should include a small magnetic centrifugal pump. By 
circulating the gases between the reaction chamber and infrared cell, 


a more rapid approach to equilibrium by reduction of concentration 


gradient would be anticipated. 
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6.6.2.2 The Extent of Reverse Reaction 


An experiment was carried out with the equipment mentioned in 
Section 5.1 to examine whether the reverse reaction was significant under 
the reaction conditions being studied. The approach adopted was to 
introduce Sy and H.0 diluted with a carrier gas (No) into the reaction 
chamber containing y-alumina catalyst and then to observe the formation 
of H5S and S0,. A catalyst wafer containing 1.0351 g of y-alumina was 
employed in this experiment (compared to less than 0.13 g used during 
all of the kinetics studies). A flow-rate of 40 ml/min of pure nitrogen 
was bubbled through liquid sulfur in a reservoir kept at 300°C. This 


mixture was then combined with a continuous stream of 1.95 x 107" 


g mol/ 
min of water vapor in the preheater. The combined gaseous mixture then 
entered the infrared-cell reactor and flowed over the y-alumina wafer. 
The 40 ml/min nitrogen carrier gas flow rate was lower than the lowest 
one (62 ml/min) used in the kinetic measurements. The reactor 

was maintained at 210°C and 805 mm Hg. The continuous flow of gaseous 
mixture (nitrogen, water and sulfur) over the catalyst was allowed to 
proceed for over 1.5 h befare any analysis was attempted. To prevent 
condensation of sulfur, the recycle pump was disconnected prior to this 
experiment. Then both feed and product cells of the reactor loop were 
introduced into the sample and reference beams of the infrared spectro- 
photometer, respectively, to detect the presence of S0, in the gaseous 
stream which had been in contact with the catalyst. The resulting 
analysis revealed the absence of SO, indicating that the H0 and Sy had 


not reacted. This experiment suggested that the reverse reaction, 


5 
pe cs i> | 2H, S + 805 (2.1) 


oy Sen 
Re Nas 


1% 


nt benorinem sivamgtups odd ee: eae) er | 
rabon Santino’ dow nat sake acto af oti ASKe 0: 
bs enw bedqobs riasorays oft be i 
novgosey ait otnh (gi eae wns a [ wee 
noi santo aid ach ‘fond bne- teyladeo Bate it pines 
aon batmaTe~y Yop 1260.7 patbednos Stew soyleino ¢ | iii 
oittiub beeu 9 £1-0 nani azet os beraq7ao) iagntraqxs ate fis F be 


nepottin evuq to nti Tm OR +p stavwolt A Aeatbute ait 


7; 


van PORE 36 igo vrowieest 6 af wie ptoprrd 
\fom o. wa Ki 2¢, i ¥o masse auount snes cl ast bent daa a a 
noel svabxim avoaesp basi tdmes ont rad epdieng ons nf yoqsy'? 
sas enti Ts Sht Fevo hawolt beg: yosa897 Mao-bersvint © 
deawol edd. att towol 2sw tet wolt eep Yerrts2 rages a ¥ 
yotosan’ ant 2 ata UeOoR item ant of ‘beau cae 

2uO9260 to wot zuounfines. sit “off co 208 bns a°ors ts bents 
ot bawoRts ew Iaytadso eit “ave (susttag bre “19384 enagortti) ba 
treveatd oT ,belqnedss cc eheyTons ‘ele sicted a2. 19v0 “0% ber 
émit os Nora vesyennoset ew qanig sfoyoe ont athe 1 bitepah 
avew gool ot 2697 ant Ye 2Tts9 soubor bas best Adod nett tees: i. 
ordoeqe bateTTNT aie to embed songyatay bins: afqned siit oan beau 
auosesy sft at ch To esheneia sit Y3at9b oF ebowtangen 7a 
ont a fuess oat dey fsted, ati tte popmiog wt need bet i 


bee 2 Unb OH a8 sus eat bak 402 e canat af heaters er 
A ‘ (bon 


5 


ihn 


% 


, nottoes7 324509% any! 
yi 


: Bidet 


TZ 


does not occur measurably at 210°C and 805 mm Hg. The experiment was 
then repeated at a reaction temperature of 320°C and once again S0, 
was not detected. Since this experiment employed a larger quantity 
of catalyst, a lower carrier gas flow-rate, and comparable if not 
higher sulfur and water partial pressures, than used in any of the 
kinetic measurements, it would therefore be reasonable to assume 
that the reverse reaction rate may be ignored in the kinetic runs 
carried out in the present work. 

Some published rate equations proposed for the Claus 


: Ens: 15 
reaction, e.g. (-r, 5) = KP, S 50, by Taylor and Wesley [138] 


2 2 
using Pyrex glass as catalyst, and (-r, 5) = KP. S by George [25] 
2 2 
using various alumina-based catalysts, are also expressed without 


reverse reaction terms. 


6.6.3 Mass Transfer Consideration 

The investigation of catalytic reactions is complicated 
by the fact that the process frequently involves diffusion as well 
as chemical phenomena. The likelihood of encountering significant 
diffusion effects is greatest in the case of the most active 
catalyst. Interpretation of experimental kinetics results becomes 
difficult when mass transfer resistances are significant in 
comparison to chemical resistences. Satterfield [125] and 


Carberry [17] have extensively reviewed the effect of mass transfer 
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upon observed reaction kinetics. Carberry [17] expressed the various 
rate-controlling domains as a function of key experimental variables, 


as summarized in Table 6-3. 
TABLE 6-3 


BEHAVIOR OF VARIOUS KINETIC PARAMETERS 


IN EACH DOMAIN OF conTROL ‘!7) 


Domain Activation Order Pellet Size. Fluid Velocity 
Energy 
Chemical Reaction E n independent independent 
Pore diffusion- E nt] (-r,)=#(D) independent 
reaction 2 2 
3 . 
Bulk Mass Transfer first (-r,)=#(H) fé (velocity) '/2 


viva = external surface area-to-volume ratio for the wafer. 


Before measuring the kinetics of reaction (2.1) using the IR 
cell-reactor, the influence of mass transfer on the rates of reaction 


must first be evaluated. Accordingly, the effects of both gas-film 
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diffusion and pare diffusion on the reaction rate were investigated. 


6.6.3.1 Gas-film Diffusion 


A reaction is considered to be gas-film diffusion controlled if 
the rate of diffusion through the gas-film is much slower than any of 
the competing chemical reaction, pore diffusion, adsorption or desorption 
Steps. Theoretical as well as experimental methods exist for examining 
whether gas-film diffusion is significant in a reaction. In the 
theoretical methods, the rate. (or flux) of gas film diffusion 7s 


If the predicted N. is much greater than the observed rate of reaction 
(either measured experimentally or calculated from a rate equation) 
then the reaction is probably not gas-film controlled. 

From dimensional analysis,Chilton and Colburn [20] developed the 


correlation shown below for Ko 


(6.17) 


Such an empirical correlation allows one to estimate Ke (which is 

used to calculate N-) if the physical properties of the gases including 
diffusivity data are known. They suggested that in the absence of 
diffusivity data, the following Chapman-Enskog expression can be used to 


estimate the diffusivities, 
3 1/2 
D,, = 0.001858 T~ [(M,+M,)/M)M5] 
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In addition, they also provide a graphical correlation of Jp versus N 


: : e 
which then is very useful for obtaining ke from the following equation, 


| tat: e/3 | 
Jp = Pipe te (6.19) 

McGregor [84] performed the theoretical calculation for gas-film 
diffusion in his study of Claus reaction over bauxite catalyst by using 
two examples. The first was by using the conditions used in one of his. 
kinetic runs while the second was done: by adopting the operating 
conditions of one of the industrial sulfur plant chosen by him. In both 
examples, gas-film diffusion was not found to be rate-controlling. A 
Similar theoretical calculation is described in Appendix F and the result 
again suggests that gas-film diffusion was not rate-controlling. 

Experimentally, the significance of gas-film diffusion in a 
reaction . can be examined by varying the feed rate while keeping _ 
both the feed composition and space-time constant [73]. If the reaction 
conversion is not affected by the different fluid velocities in the bed, 
the reaction is probably not gas-film diffusion controlled. With a re- 
cycle reactor, the gas-film diffusion is tested by varying the recycle. 
ratio and holding Other reaction conditions constant. If the bulk flow 
rate in the recirculation loop does not affect the rate of reaction, the 
gas-film diffusion is probably not significant. Since a recycle reactor 
was used in these kinetic measurements, the gas-film diffusion was 
investigated by changing the recycle ratio. 

About 0.1105 g of y-alumina was employed in this experiment 
carried out under the reaction conditions outlined in Table 6-4. During 


the experiment,the recycle flow was varied from 28.860 45.1. 1/min 
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by changing the recirculation pump speed. 


TABLE 6-4 


REACTION CONDITIONS USED FOR EXAMINING GAS-FILM DIFFUSION 


SE ee Ve TOL 


SS SS SS SS a i ee ee 
SS a enn eee ee 


Catalyst Weight (g) 0.1105 0.1105 
Feed Flow Rate (ml/min) 80 80 
Feed Composition No 94.0 94.0 
(mol %) Hs 4.0 4.0 
50, 2.0 2.0 
Reactor Temperature (°C) 210 320 
Reactor Pressure (mm Hg) 801 801 


The reaction conversion was found to be unaffected by the volumetric 
flow rate in the recycle loop. 

Normally, gas-film diffusion controlled is more probable when 
the reaction rate is high_and/or when the reactant partial 
pressure is low in the system. . More generally [125], the probability 
of gas-film diffusion control is proportional to the ratio of the reac- 
tion rate to the reactant partial pressure. The two sets of conditions 
in Table 6-4 had the highest ratio of reaction rate to reactant partial 
pressure. In addition, the recycle rates used in kinetic measurements 
were all higher than those used in the gas-film diffusion investigation. 
Repeating the experiments by changing a 0.1085 g wafer from a position 


perpendicular to the direction of gas flow to a position parallel to the 
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direction of gas flow also indicated that the gas-film diffusion was not 
significant. Therefore, it is reasonable to assume that the bulk 
diffusion was probably negligible in all the kinetic runs in the present 
work. (one may also speculate that the reactive area of the extremely 
thin wafer was rapidly accessible to gas flowing on either side of the 


wafer. This has implications concerning pore-diffusion). 


6.6.3.2 Pore Diffusion 


Pore diffusion may occur by one or more of three mechanisms: 
ordinary diffusion, Knudsen diffusion and surface diffusion. Satterfield 
[125] in his study of these.subjects reports that surface diffusion 
becomes significant only when the partial pressure of the reacting 
species is an appreciable fraction of the vapor pressure and available 
published data indicate that it contributes very little to the overal] 
transport processes through a porous media. 
| Ordinary gas diffusion occurs in pores if gas-gas molecular col- 
lisions predominate. The effective diffusivity Do orf? may be used to | 


relate the mass flux to the total cross-section of the porous solid, as 


Dio eff le (6.20) 


where 6 is the porosity and T is the tortuosity factor. The 


overall diffusivity Doce in the pore is then related to the effective 
diffusivity D1 2 eff and Knudsen diffusivity Dk eff according to equation 


cl 


1 neg fn a (6.21) 
eff K,eff 12, eff 
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Knudsen diffusion predominates when the gas density is low, 
and/or when the pores are quite smal}l.. Under this situation, 
the molecules collide with the pore wall much more frequently than with 
each other. The molecules hitting the wall are momentarily adsorbed 
and then given off in random directions (diffusively reflected). The 
gas flux is reduced by the wall "resistance" which causes a delay since 
both the diffuse reflection and the finite time the molecules are 
adsorbed. Kinetic theory provides the following relations for Knudsen 


diffusion in gases in a straight round pore, 


D. = 9700 r, YT/M (6.22) 


where Be is the pore radius in cm, T the temperature in K and M the 


molecular weight. 

Normally, the internal geometry of consolidated porous solids 
are poorly understood, and the following relation has been proposed 
[125] to account for this unknown, 


2 
v) 
D = 19400 TS f vI/M (6.23) 


K eff mg? p 


where Te is the tortuosity factor calculated from a mean pore radius, Sq 


is the total surface area in on measured by BET method and D js the 


density in g/cm? of the solid. 


From a practical point of view, one would like to have a crite. 


rion which used measured values of reaction rate, effective diffusivity, 


reaction order, and so forth, which could then be used to discern whether 


a reaction is operating near the pore-diffusion controlled regime. The 


more commonly used [84,125] and simpler criteria for such purpose are 
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Hudgin's method [59] and the effectiveness factor method [125]. Hudgin's 


method is considered to be conservative, perhaps more than necessary [84]. 


The pore diffusion is insignificant if the following relation is 


satisfied. 


aneriod fr (6.24) 


where L. is the radius of the solid in cm and r is the first derivative 
of the rate of reaction with respect to the reactant concentration. 

For the effectiveness factor method, Satterfield [125] provides 
plots of effectiveness factor, n (the actual ratio to the ratio which 
would be observed in the absence of diffusion limitations), versus the 
Thiele diffusion modulus for reactions with different activation energies. 
If the effectivenss factor n of a reaction is near unity, the reaction 
is probably not pore-diffusion controlled. The following equations are 


required to calculate the values used for determining the effectiveness 


ractor: 
a (6.25) 
o * Dy (-r)/C, : 
A 
1/2 7 
Dy = 9700 y (T/M) (6.26) 
A e 
k= [Ky - Dy 2. (K, veka (6.27) 
and aot at gRG (P. + (tT, Vv, KA /Dy yi (6.28) 
: j 


Examples demonstrating the calculation method are described by Chuang 


[23] and also in Appendix F of the present work. 
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McGregor [84] used Hudgin's method to examine the Significance. of 
pore diffusion in his experimental runs by using the values from one of 
his kinetics runs. He found that the value of his Las De Lee was about 
three and one-half times that of his Vr and hence, according to Hud- 
gin's criterion, pore diffusion could nat be ignored in his experiments. 
Dalla Lana et al.[29] correlated McGregor's kinetics data by using 
statistical modelling method [130] and obtained a different set of rate 
constants. McGregor's calculation was repeated in this work (Appendix F) 
using the rate constants obtained by Dalla Lana et. al [29] and it was 


found that the value of Le eid was close to 1/r (CO). This may 


k eff 
indicate that whether the pore diffusion is significant in McGregor's 
experiment or not is very difficult to confirm from this calculation. 
(especially considering that Hudgin's method is very conservative in any 
case). PURENESMON ES the value of LPT Dit sue becomes smaller 
than 1/r (CO) when a pore diameter of 80A° was used to repeat McGregor's 
calculation. This, in turn, shows that pore diffusion may be ignored 
in McGregor's kinetic run. 

Both Hudgin's method and the effectiveness factor method were 
used to calculate theoretically the significance of pore diffusion in 
the kinetic runs of this work. The data for a kinetic run in which 
the highest r/Cy ratio applies was used for such calculations(shown in 
Appendix F), It would be anticipated that the higher the rate of reaction 
r and the lower the reactant concentration Cys the more significant the 
pore diffusion. The calculation shows that it is reasonable to assume 
that pore diffusion was probably nealigible. 


The effects of pore diffusion can be determined experimentally 


measuring the reaction rates for various particle sizes catalyst 
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under otherwise identical conditions [73]. If the reaction conversion 
remains constant when the catalyst particle size is varied while keeping 
the ratio of catalyst weight to the feed flow rate as well as other 
reaction conditions constant, then the pore diffusion is probably not 
Significant. 

Accordingly, three different weights of y-alumina wafers, and 
correspondingly, three different catalyst wafer thicknesses were investi- 
gated. The experimental conditions and results from these runs are shown 
in Figure 6-13. The results indicate that pore diffusion is probably 
negligible as long as the catalyst weight is kept below 250 mg. 

From the results of these theoretical calculations and the experi- 
mental investigation, it is reasonable to assume that pore diffusion 
limitations were probably negligible in the range of kinetics studied in 


the present work as long as the catalyst weight is less than 250 mg. 


6.6.4 Stability of the Catalyst Activity 


In heterogeneous catalytic reactions, the problem of catalyst 
poisoning by either a reactant or a product is not uncommon. The catalyst 
activity could deteriorate with use and eventually become completely 
inactive. For example, Liu [78] found that y-alumina could be poisoned 


by the product CO. in the reaction between COS and 50, Pearson [102] 


2 
reported that the y-alumina catalyst used in the industrial Claus sulfur 
plants could be poisoned by sulfate formation. 

Successful kinetic measurements require reproducible catalytic 


activities during the experiments. Therefore, while taking 


kinetics measurements in this work, the maintenance of a constant 
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Figure 6-13. Evaluation of Pore Diffusion. 
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catalytic activity was carefully checked. Two approaches were followed: 
in the first approach, the activity of a catalyst wafer which was 
subjected to a long period of service was compared the activity 

of a "fresh" catalyst ; | the second appraoch involved examining the 
activity of a catalyst wafer under a fixed set of experimental conditions 
and with a total service time longer than any to be employed 

actual kinetic runs. 

Three series of experimental runs at 220, 260 and 300°C were 
carried out to check the catalyst activity. For each series, a new 
y-alumina wafer was used and seven runs which constituted 9 h each were 
performed. Therefore, each catalyst wafer had a total of 63 h service. 
It was found that in all of the runs, the repeatability of reaction 
conversion in each 9 h period was within one percent. The overall 
repeatability for all three series of runs was approximately two percent. 
The reaction conditions used for these experiments are summarized in 
Table 6-5 while the results are shown in Figure 6-14. 

At the end of these exprriments, the three catalyst wafers were 
removed and analyzed for the presence of sulfate according to the method 
mentioned in Section 6.5. Negligible amounts of sulfate were found in 
each of the wafers which suggested that the sulfate formation within 
63 h of use might not be significant. 

Throughout these experiments, none of the catalyst wafers had 


been used for a total time exceeding 63 h. As a result, the problem of 


catalyst deactivation could be ignored. 
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6.7 Infrared Spectra of y-alumina under Reaction 


Condition 


The infrared spectroscopic technique has been applied to examine 
the adsorption of reacants and products on a catalyst surface without 
interruption of the reaction. It has also been proven useful to identify 
the presence of intermediates (if they are sufficient in quantity and are 
infrared-active) during reaction. Hopefully, such information could be 
revealing on the reaction mechanism. 

The reactor designed for the present work enabled the observation 
of catalyst surface phenomena without affecting the steady-state of the 
reaction. Two infrared spectra shown in Figure 6-15 were recorded at 
2a5 Ci. Curve (A) was one taken when a stream of pure nitrogen was passed 
through the reaction system with the recirculation pump in operation. 

A broad hydrogen-bonding band at 3500 cm! and a band at 1000 cm7! 
representing the Al-0 bond of y-alumina were detected. Curve (B) was 
recorded when a stream containing 91.0 mol % No» 6.0 mol % Hos and 3.0 


mol % SO. was introduced into the reaction system with the recirculation 


Z 
pump switched on. This spectrum, recorded “in situ" during the reaction, 


was identical to curve (A). It was not certain whether this was due to 
the absence of adsorbates on catalyst surface or the amount of adsorbate 


were too low to allow detection. 


6.8 Kinetics and Mechanism 


A total of 118 data points were collected from the kinetic mea- 
surements, covering six reaction temperatures from 200.G..t0-323'C.. the 
data points and the partial pressure range of the components in the 


reactor under each of the six temperatures are summarized in Table 6-6: 
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TABLE 6-6 
PARIAL PRESSURE RANGE OF THE COMPONENTS IN KINETIC RUNS 


eee 


coreerstirs iS agrae Partial Pressure (mm Hg) Range 
Po RTS degre epee on "ibs so, PH0 ‘sy 
200.0 19 11.92-33.40 11.47-32.59 5.21-36.01 0.99-4.19 
Plc 19 12.07-39.07 10.71-31.87  9.06-40.31 1.44-2.33 
239218 16 9.33-28.43 8.96-28.89 8.14-58.86 1.51-2.34 
261.5 14 8.97-35.01 8.56-35.01 7.64-65.32 0.84-3.20 
298.24 36 §.52-55.97. 7.96-55.97 . 7.01-41.30 1.38-5.39 
323.0 14 8.53-29.40 8.28-28.81 10.57-60.02 1.76-3.64 


More details on the 118 data point are to be found in Appendix I. 

In the following sections, several plausible reaction mecha- 
nisms, ones which are in agreement with the overall chemistry and 
observations, will be proposed. Kinetic models will then be deduced 
from the various mechanisms. A model discrimination technique was 
then applied to test these rival models with the aid of experimental 
data. Hopefully, the model producing the "best" correlation with the 


experimental data could be chosen to represent the reaction. 


6.8.1 General Methods for Developing and Testing Kinetic Models 


Basically, the success in developing a kinetic model for a given 
reaction system relies on the effectiveness of the model discrimination 


technique. At the same time, it is affected by how the models are 


8] 


QMUR: JITIIA WL 2TH 


etikeee.0 faee=ts.a - BB. Se. Wut. ‘om. Re-80.1 ee 
EE.S-N te.0D-29.0 | Te TELE vue ef 
RELS-18,1 98,8d-P1.8 08:88-80.8 mee : "at 
OS.£-08.0 Se.ca-te.t  f0sdb-aes8 (0, 26-£0.6 at 1 


bebe. RS. TeatOe . Neee-oet $8. 8a-S2.2 | ae 


AB.£-90.1 SO.Ga«eHS.0f GB.OS-88.6 OA.ES-E2.8 sy 


Park ve 

J xthngquh pn} bauot sdes ong Jntoq eteb att eds «orth rs 
-erioem oF fone aldiausiy fersvez .2nottase eatwot Tot ott oa 
brs vad ehnetts adeve gd ote Sieber: ne 976 Ho fiw e8m0 42h é 
besubeb 46 maid ftw ef aban ot tents -badeqorg ad fitw senot2evs Y 
2hw suplargast not tasibint 108% febom A . ema? nerdd>em- -eyorey om 
Fasaomt-vaqxo +9 bis odd dhtw 2isbem: Tavis seodd deat. ot bat ige a 


enh ttn nottatemed "aed" any patouborg Tobom + ‘eetatago “ 
a 


ne ee ee ee ee 


norso0y anit dngzstas hae sd vewoo stab ts$nom 


i] 


‘ ‘7 
: ve 
Sais in 2 he, De a etl ee |, 
2) SROM Ofte ATA BOS. YOT 2DONns' _ Le eal 
oar 7 ee a ; 
certs § 10t febom ohtonts! samen eeanave ont “aitastes ars 
; oa 


not Pi dose ot 


i ; | ae 7 hae 
: ae. £ a: =f sa ; vijet 
2 ; : : . ’ Oss 


nosz 3 
oe 


: ae 7 
a i ; 


189 


developed and whether adequate models have been considered. If an 

adequate model is not included among those models proposed for the SyS- 

tem, any sophisticated model discrimination technique will generate 

a meaningless correlation. ‘In fact, all statistical discrimination 

techniques are developed on the basic assumption that one adquate model 

must be contained among the rival models to be discriminated. 
Generally, there are two methods for developing and testing 


kinetic models. 


6.8.1.1 Empirical Models 


“Some empirical models are written down (e.g. power-function 
models) and then correlated with the data as a function of the various 
operating conditions. This method does not consider the nature of 
the reaction or rate-determining steps although, by coincidence, the 
model that produces the"best" correlation may reflect the rate- 
determining step or some characteristic of the reaction. The two major 
disadvantages of this method include: firstly, it does not provide any 
insight into the reaction mechanism anda good correlation can only be 
interpreted to mean a good correlation. The best such model does not 
necessarily reveal the true nature of the reaction. Secondly, with 
a lack of understanding on the nature of the reaction, it is ‘not 
safe to extrapolate the range of application beyond the range of 
the experimental data and the models to be included for discrimination 
cannot be prescreened on the basis of the chemistry of the reaction. As 
a result, the number of rival models to be discriminated isusually large. 
This is very tedious and the chance of ending up with more than one 


equally good models after the discrimination process are also 
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higher. Moreover , this method does not generally provide an under- 


standing of the catalytic nature of the solid catalyst. 


6.8.1.2 "Mechanistic" Models 


This method involves obtaining as much knowledge as possible on 
the mechanism of the reaction and then developing the rate models (if 
more than one is feasible) which best describes the plausible mechanism. 
The following are the advantages of this method over the previous one. 

It provides some understanding of the nature of the reaction and the 
catalyst, which allows one to reject some rival models least conform 
with the accumulated knowledge. It may also allow one to extrapolate 
the range of application beyond the experimental range although 

one should still do this with caution. The reason of caution js that 
when the range is extended by simple extrapolation, the rate-controlling 
step might change. For example, the bulk gas-phase diffusion step may 
not be rate-controlled in the range of the experimental data but may be 
rate-controlled at some point in the extrapolated range. 

In this ea hidina hs models most widely used to describe the mech- 
anism of gaseous reactions on solid surfaces are the Eley-Rideal and Lang- 
muir-Hinshelwood. type models. The Eley-Rideal type model assumes that 
the reactant adsorbed on the catalyst surface reacts with another compo- 
nents in the gas-phase adjacent to the catalyst surface. The Langmuir- 
Hinshelwood models assumes that the reactants are adsorbed on one type 
of active site on the catalyst surface where they react, either with 
themselves or with other adjacent adsorbed species. Further assumptions 
in formulating Langmuir-Hinshelwood rate models’ include the existence of 


a single rate-controlling step, such as adsorption, surface reaction, 
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or desorption, within a mechanism involving a series of reaction steps, 
and the absence of interactions between adsorbed molecules. 

Although the approach followed in developing rate equation of 
the Langmuir-Hinshelwood type is ere rantronara: the task involved in 
determining the best rate expression for a complex reaction system is 
immense. If all possible reaction models are listed within the assump- 
tion of the Langmuir-Hinshelwood scheme, a relatively large number of 
models is obtained. For example, 84 empirical models have been postu- 
lated for methane oxidation by Mezaki et al. [85] and 47 models for 
ethanol dehydration by Kittrell [67]. The number of models could be 
increased if the assumptions applied in the formulation of Hougen- 
Watson rate equation are modified in various ways (for example, using 
more than one type of adsorption sites). 

The presently available model discrimination techniques cannot 
be easily applied to a large groups of rival models due to the 
prohibitive amount of computer time that would be required. Consequent- 
ly, it is desirable if not necessary to eliminate obviously inadequate 
models before utilizing the better model discrimination procedures. 

In those cases where intermediate reaction steps are involved, 
the infrared spectroscopic technique has provided considerable insight 
into the identity of chemisorbed species which may act as intermediates 
in catalytic reactions, and also the nature of the interaction 
between an active site and an adsorbed molecule. According to the 
nature of surface intermediates observed, various intermediate 


reaction steps could then be formulated. Such information 
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accumulated by infrared spectroscopic technique at the molecular rather 
than the macroscopic level, should serve as a good screening method 
because the mechanisms proposed according to infrared data would incorporate 
more detailed knowledge of the mechanism taking place on the catalyst 
surface. 

After such prescreening, the remaining models could be tested 
by a model discrimination technique and hopefully one model that provides 
the "best" correlation with the experimental data could be evolved. Not 
frequently, the results of the discrimination procedure turn out to be 
ambiguous in that no one model is shown to be clearly superior. This 
dilemma may ROESIbLY be resolved by measuring more experimental rate data 
under reaction conditions outlined by a statistical design of experiment 


[130]. 


6.8.2 Development of Kinetic Models 

The "mechanistic" approach for developing kinetic models 
was adopted in the present work. In the process of 
writing reaction mechanism for developing the kinetic models, the 
experimental evidence accumulated inSection 6.1 to 6.6 was taken into 
consideration. 

In Sections 6.2 and 6.3, both HS and S0,: were found to 
be adsorbed on Lewis-acid sites and their adsorption nature were found 
to be quite similar. In Section 6.6.1, it was found that no reaction 
was detected without the presence of catalyst under the reaction condi- 


tions employed in this work. Therefore, by combining the experimental 
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observation in these three sections both Hos and SO, are assumed to be 
adsorbed on the Lewis-acid sites of y-alumina before they PeRR CMT th 
each other according to the reaction mechanisms proposed in the 
Subsequent sections. 

In Section 6.5, the importance of oxide-ion sites (which were 
not responsible for the adsorption of H4S or SO, ) towards the reaction 
has clearly been demonstrated. This means that some intermediate 
step(s) must be included in the reaction mechanism to allow for the 
vital participation of the basic oxide sites. There are several 
possible intermediate steps that could enable the involvement of the 
basic sites. In Section 6.1, it was shown that a certain amount of 
"oxygen" or "oxide" is present on the surface of y-alumina but whose 
state is still not clearly understood. This surface "oxygen" or 
"oxide" has oxidation capability at room temperature as demonstrated 
by the oxidation of H5S into water plus sulfur and CS, into carbon 
dioxide plus sulfur. The quantity of this surface “oxygen" or "oxide" 
is finite and can be restored by heating y-alumina with oxygen or S0,. 
Such oxidation capability of y-alumina has also been observed by others 
[23, 87, 115]. Considering the heterogeneity of the catalyst surface, 
perhaps some of the surface oxide-ions are more active and possess 
oxidation capability while others do not. This could explain the 
experimental observations in Section 6.1 that the amount of surface 
"oxygen" or "oxide" is finite. Parkyns [98, 99] interpreted the form 


of this surface “oxygen" or "oxide" in terms of a "strained oxygen 


bridge”. 
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Other published results have revealed that the "oxygen" or "oxide" 
on the y-alumina, regardless of its forms, can be exchanged with isotopic 
oxygen like H,0'° [87], 5 [38] and au [35]. The exchange reaction 
seemed to imply that some surface "oxide" or "oxygen" is removable and 
replaceable. Presumably, when the removable surface oxides are consumed, 
a structural strain is created on the catalyst and this strain can be 
removed when the oxygen from an adsorbate is donated to the catalyst 
surface. This is demonstrated by the hydration and dehydration process 


of y-alumina, 


H H 
eae rie a rgd Sa 

a OL a ear 
0 i) 0 oie eS 


(6.29) 


The above scheme does not represent the actual picture because it is not 
three-dimensional. Tamele [135] and Cornelius [27] reported that a 
remarkable amount of heat was released when water was contacted at 100°C 
with carefully dehydrated alumina. The release of heat was also detected 
by adsorbing Hs on y-alumina [33,84]. Perhaps, the consumption of 
oxygen by Hos and restoration of oxygen by SO, on the y-alumina surface 
is a continuous oxidation-reduction process. This oxidation-reduction 


process may be depicted by the following scheme, 
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The above scheme may not represent the actual picture on the surface of 
Y -alumina because it is not three-dimensional where the final step may 
not be impossible. As has been shown by Tamele [135] and Cornelius 
[27], the exposed aluminium-ion on the dehydrated alumina is quite 
unstable and readily covers itself with hydroxyl group on hydration and 


may proceed in one of the following manners, 
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Case (II) can be shown taking place on the 110-plane of y-alumina as 


below. 


[111] plane of Y-alumina 


two water molecules sitting 
on the [110] plane of 
7 -alumina 


two hydrogen atoms dissociated from each water molecules sitting 
on [110] plane of Y-alumina 
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If partial dissociation of two adsorbed water molecules occurs, followed 


by desorption of one water molecule, then 


[111] plane 


two water molecules 
adsorbed and partially 
dissociated on [110] plane 


‘Sie 


water 
desorbed from 
[110] plane 


Oxygen Hydrogen Aluminum 
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A “surface oxygen" thus remains on the surface of the 110 planes. By 
the same analogy, such "surface oxygen" could be created by dissociation 


of SO, on 110 plane as shown below. 


[111] plane of -alumina 


one SO, molecule 
adsorbéd on [110] plane 


the two oxygen atoms 
dissociated from the 
adsorbed $0. 


Sulfur Oxygen Aluminum 
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It is not certain whether the oxidation-reduction reaction between HoS 
and 50, takes place via the "lattice" oxygen or the "surface" oxygen of 
y-alumina. However, the experimental evidence in Section 6.1 shows that 
a finite amount of "surface oxygen" (whatever its form) exists on 
y-alumina. Such an alumina exhibits strong oxidation power, which effect 
has also been observed by others [23,86,87,115] and 50, dissociation is a 
means of supplementing this "surface oxygen" in its process of reaction 
with Hos. Therefore, in developing the reaction mechanism in the sub- 
sequent sections, S04 adsorption followed by dissociation will be consi- 
dered as a reaction step. Other steps in the mechanisms involved the 
adsorption-desorption of the products sulfur and water. 

The major differences among the various sets of mechanisms 
developed in the later sections include dissociation of adsorbed 
Hos as observed by others [33,133], the various surface species located 
in the closest vicinity of the reactants, and the possible participation 
of the surface sulfur (as adsorption sites or reaction intermediates) in 


the reaction. All of these will be discussed in greater detail when the 


Specific mechanisms involving: them are developed. 


6.8.2.1 Kinetic Models Derived from a Reaction Mechanism 
Involving Dissociation of Adsorbed Hos into 


Hydroxy] Groups 


The dissociation of adsorbed HoS on Y-alumina was observed by 


de Rosset et al. [33] and Slager and Amberg [133]. The way by which 


adsorbed H5S dissociates depends very much on what is located around 


its closest vicinity. The various arrangements of the "OH" and "O"groups- 


have been discussed extensively by Peri's computer simulated models plus 


his infrared spectroscopic and micro-gravimetric studies [67]. Briefly, 
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the different ways by which adsorbed Hos dissociates on y-alumina 


surface are shown below: 
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Therefore, after the adsorption and dissociation of HoS adsorbed water 
is formed which then desorbs and each water molecule takes along with it 
One oxygen atom from the surface of y-alumina. The oxygen is then 
replenished by the dissociation of adsorbed S0,. In terms of mechanistic 
equations shown in Table 6-7, to maintain the stoichiometric balance, 
it was assumed that one Hos molecule dissociates to produce one sulfur 
atom and two hydroxyl groups (regardless of whether according to that 
shown by the left hand term of 6.36 or 6.37) which eventually react with 
one more H5S molecule to produce water and sulfur. 

By assuming various alternative step(s) as rate-controlling in 


the mechanism, more than one kinetic models could be derived, as 
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shown in Table 6-7. During the derivation of each of the kinetic models, 
all reaction steps in the proposed mechanism were originally assumed to 
be reversible and examples of the derivation can be found in Appendix H. 
In Section 6.6.2.2, the reverse reaction was found to be practically 
insignificant under the process conditions employed in this work. The 
insignificance of the reverse term was also noted by others[84,43,64,138] 
consequently, the reverse terms of the derived kinetic models were 
dropped and the resulting models are listed in Table 6-7, where the 
sulfur is represented by Sy and x represents the number of sulfur 

atom (1,2,.... 8) of various sulfur molecules. No reliable method 
of measuring the distribution of various sulfur species (S. > So: etc.) 
during reaction is yet available. In this work, a pseudosulfur species 
Sy was calculated by assuming an equilibrium distribution among the va- 
rious sulfur species. McGregor[84] concluded from the material balance 
calculation around his reaction system that the selection of Sy from 
equilibrium distribution calculation to represent the various sulfur 
species in his reactor was quite reasonable. When more than one step 
is considered to be rate-controlling, overcomplication of the derived 
kinetic models results. To avoid this problem only the relatively 


simple models were used. 


6.8.2.2 Kinetic Models Derived from Reaction Mechanisms Involving 


Adsorbed Hos Reacting with Surface "Oxygen" and Hydroxy] 
“oe es SU ee ee 
Groups 
As pointed out in Section 6.7, a broad hydrogen bonding band was 
recorded by the infrared spectrophotometer during the reaction. A signi- 


ficant quantity of hydroxyl groups were present on the catalyst surface 
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TABLE 6-7 
KINETIC MODELS DERIVED FROM REACTION MECHANISM INVOLVING 


—_—_——— eee ee eee Se 


DISSOCIATION OF ADSORBED Hos INTO HYDROXYL GROUPS 
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Proposed Mechanism 


(1) 2HS+2# = 2H,S-# 

2) SO, + # > S0,°# 
Sen ee Se Sar 20a 
(AHS a F205 SS ae HON 
(5) HoS-# + 2HO-#—E OS, . #4 2H,0 . Z 
(6) 2H,0 . # = 2H,0 + 2# 

Oke EB Nan N/K ea 


where # is the Lewis acid site 
Sy is a pseudo sulfur species representing So Ses Sg etc. 


(mostly Sg under the process condition used here) 
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TABLE 6-7 (Continued) 


a ee ee ee 
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Controlling Rate Expression (-r., ) Assigned 
Step(s) 2 | mupbiotlel No: 
2 
(1) by Pus 7 ye pk 
(2) a: oe HS2 
3 
(3) by Pso,! Y HS3 
(4) 1/x 3 
a Pon oP Y HS4 
10 Hos SO. Sy 
(5) PME aba eaenag 
Y HS5 
11 "HS SO, Sy 
(6) same as HS5 
(7) same as HS5 
met (2) same as HS5 
where b, +b, .b3 by are adsoprtion equilibrium constants for H5S »S0. sH OF 
Sy3 K. is the equilibrium rate constant for reaction step i. 


kK. is the forward rate constant for reaction step i 
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during reaction. Under a temperature comparable to that used in the 
kinetic runs of the present work, Peri [104] observed a large number 
hydroxyl groups on the y-alumina surface. Therefore, because of their 
population, it is logical to consider that the hydroxyl groups may also 
participate in the reaction. 

In this mechanism, the adsorbed Hos is assumed to transfer its 
two hydrogen atoms to the two neighbouring hydroxyl groups to produce 
two adsorbed molecules of water and sulfur. This has been considered in 
the mechanism in Section 6.8.2.1. At the same time, the adsorbed Hos 
is assumed to be oxidized by "surface oxygen" to produce one adsorbed 
molecule of water and sulfur but in the mechanism in Section 6.8.2.1, 
the adsorbed Hos was oxidized to two hydroxyl groups.Another difference 
between this mechanism and the one in Section 6.8.2.1 is that the hydro- 
xyl groups were not generated by the dissociation of adsorbed HS but by 
the dissociation of the adsorbed H,0. 

Other reaction steps for the two mechanisms are practically 
the same. The proposed mechanism and the kinetic models derived from 
it by assuming various step(s) to be controlling are listed in Table 
6-8. Again, to conform with the experimental observations in Section 
6.6.2.2, the reverse terms of all derived kinetic models were dropped 
before writing them down in Table 6-8, although all steps were consi- 
dered reversible during the model derivation process. This practice 
will be the same in all subsequent model derivations and will not be 


emphasized again. 
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TABLE 6-8 


KINETIC MODELS DERIVED FROM REACTION MECHANISM INVOLVING 
ADSORBED Hos REACTING WITH SURFACE 


"OXYGEN" AND HYDROXYL GROUPS 


Proposed Mechanism 
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TABLE 6-8 (Continued) 


eee 
ee 


Controlling Rate Expression (-r., ) Assigned 
Step(s) 50, Model No. 
Se ee ee Oe 
2 
(1) by Pass ye DOHI 
(2) be P50, pay DOH2 
(3) Dg Poo, / > DOH3 
fa) 1/2 1/2x 3 
Diu P P /P Mf DOH4 
10 Hos H,0 50, Sy 
re 1/2 1/2x 9 
Da sear, P / P Y DOH5 
11 Hos SO, Sy 
(6) same as DOH4 
(7) same as DOH4 
(8) same as DOH4 


where b, »b, »b3 sb, are the equilibrium adsorption constants for Hos > 


S055 Ho0 and Sy. 


K. is the equilibrium constants for reaction step i 


k. is the forward rate constant for reaction step in bg=(K K3Kq) 
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6.8.2.3 Kinetic Models Derived from Reaction Mechanism Involving 
Dissociation of Adsorbed Hos by the Sulfur on Catalyst 


Surface But Without the Participation of Hydroxyl Groups 


in Reaction 


In the mechanism, the adsorbed sulfur is assumed to participate 
in the reaction. The adsorbed HoS is assumed to have a choice to react 
| with the adsorbed sulfur or "surface oxygen" depending on which is in 
the nearest vicinity. If it reacts with the former, it dissociates 
to produce two adsorbed SH groups. These then react with the "surface 
oxygen" to form adsorbed sulfur and water. On the other hand, if it 
reacts directly with "surface oxygen" then adsorbed sulfur and water 
will be produced without going through the formation of SH groups. The 
following scheme demonstrates how adsorbed H,s dissociates on adsorbed 


sulfur and then reacts with “surface oxygen" 
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In this scheme, the adsorbed HoS transfers one of its hydrogen atoms 
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Ci eca /Sul fur 
to a neighbouring adsorbed sulfur to form a SH group. Two of these SH 
groups are assumed to be located next to a "surface oxygen" and could 


then transfer their hydrogen atoms to the "surface oxygen" to form an 
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adsorbed water. The two SH groups are hence transferred into sulfur. 
The possible dissociation of adsorbed HoS has been suggested by 
De Rosset et alL33] and Slager and Amberg [133]. Wiewiorowski and Toure 
[147,148] studied the experiment of bubbling HoS into molten sulfur 
by using infrared spectroscopy. They observed possible dissociation of 
Hos in the molten sulfur and found that the total concentration of Hos 
in molten sulfur varied from 0.0544 to 0.145 % in the temperature range 
of 125 to 181°C. Their experimental evidence included the detection 
of the formation of polysulfide, HS....S....SH. They detected the band 
at 2570 oe which represents the Hos in molten sulfur from the infrared 
Spectrum at about 5 minutes after bubbling Hos into molten sulfur, but 
only after more than 30 minutes later did they detect the 2498 aire band 
which indicated the presence of polysulfide. After bubbling 20 hours of 
HS into the molten sulfur, the Hos was removed and nitrogen was used 
to continue the bubbling. This time, the more volatile Hos which was 
represented by the 2570 cnieaband disappeared 15 minutes after the 
bubbling started but the 2498 cm” | band polysulfide was removed from the 
molten sulfur only 20 hours later. Hyne [60] theorized the formation of 


HS, as a step of producing sulfur from Ho. This will be discussed in 


2 
Section 6.9, 


6.8.2.4 Kinetic Models Derived from Reaction Mechanism Involving 


Dissociation of Adsorbed H5S by the Sulfur on Catalyst 


Surface But With the Participation of Hydroxyl Groups 


in Reaction 


This mechanism is the same as that mentioned in Section 6.8.2.3 
except that the surface hydroxyl groups are assumed to participate in the 


reaction. They do so by reacting with the adsorbed Hos to generate HS 
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TABLE 6-9 


KINETIC MODELS DERIVED FROM REACTION MECHANISM INVOLVING DISSOCIATION 


OF ADSORBED H5S BY THE SULFUR ON CATALYST SURFACE BUT WITHOUT 


THE PARTICIPATION OF HYDROXYL GROUPS IN REACTION 


Proposed Mechanism 


(1) 2H,S + 2 # = 2HS-# 

(2) SO, + # co 

(3) SO, eA EF SG te 20-8 
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TABLE 6-9 (Continued) 
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Controlling Rate Expressions (-roq ) Assigned 
Step(s) ped Model No. 
renner re el ee RA et hl ad Dee 
2 2 
(1) bs PHS a DSO1 
(2) b P50, x DS02 
3 
(3) bg Ps0, yey DS03 
(4) 1/2 1/2x 9 
4 Dan Puc P / P Y DS04 
10 Hos SO, Sy 
1/x 2 
(5) by, avs AS, Teg | DSO5 
(6) 1/2 1/2x 3 
6 Donut. L P IN, DS06 
Ls H58 50, Sy 
(7) combination of DSO4 and DS06 
(8) combination of DSO4 and DS06 
where b.,b,;b,, b, are the equilibrium adsorption constants for 
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k is the forward rate constant for reaction step i 
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groups and water. The HS groups are oxidized by the "surface oxygen" 


to water and sulfur or to hydroxyl groups and sulfur. The kinetic models 


derived from this mechanism are summarized in Table 6-10. 


6.9 Model Discrimination 


The model discrimination process generally involves selecting the 
best..candidate out of the various eligible models under the assumption . 
that an adequate model has been included among the models proposed for 
the system studied. The various useful model discrimination techniques 
have been reviewed extensively by others [4,67]. Basically, after the 
prescreening to eliminate some poor models according to the observed 
chemistry of the reaction, the following three steps were carried out: 

1. parameter estimation. 

2. computing the model discrimination index - likelihoods 

of the data, and 

3. sequential design of experiments. 

In the present work, the statistical model discrimination tech- — 
nique developed by Singh [130] was adopted. Details of this technique 


are summarized below. 


6.9.1 Statistical Model Discrimination Technique 
6.9.1.1 Model Discrimination Procedure 

Out of the various criteria for classifying model performance, 
the earliest one was the minimum sum of errors squared. One of. the 
most successful criteria is the Bayesian expected likelihood procedure 


based on a Bayesian interpretation of probability described below. 
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TABLE 6-10 


KINETIC MODELS DERIVED FROM REACTION MECHANISM INVOLVING DISSOCIATION 


OF ADSORBED Hos BY THE SULFUR ON CATALYST SURFACE BUT WITH THE 


PARTICIPATION OF HYDROXYL GROUPS IN REACTION 


Proposed Mechanism 


(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
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TABLE 6-10 (Continued) 
2 we LD St 8 ee ee ee ee 


Controlling Rate Expression (-r Assigned 
(1) be Pas / v2 | DSOHI 
(2) bg P50, IX DSOH2 
3 
(3) big °S0, [OX DSOH3 
1/x 
4 2 
(4) by Pus P. /Y DSOH4 
X 
5 3/2 1/2 1/x 2 
(5) bio Pus Peg lab. Y DSOH5 
2 c X 
6 1/2 1/2x 3 
(6) b13 Pus Pog P /Y DSOH6 
2 2 xX | 
7 1/2 1/2 2 
(7) bi Pus P50, / Y DSOH7 
m8) combination of (5) and (6) 
(9) combination of (5) and (6) 
where b, »b, »b3 by are adsorption equilibrium constants 
K. is the equilibrium constant for reaction i 
k. is the forward rate constant for reaction i 
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where metamodel is defined as the model space containing all the 


potential mechanisms which are considered simultaneously, and 


vector of independent variables 


X = 

a, = vector of unknown parameter corresponding 
to the k*" model 

y = dependent variable 

€. = error term in the un model. 


j 


The models may be in differential rather than algebraic form but that 


will not affect the argument to follow. 
Uncertainty about which model form is the true one is expressed 


quantitatively in the form of a discrete probability distribution, where 


Pr is the probability that the qth model form is correct. Obviously, 
the set of PL's satisfy the axioms of probability, i.e. 
ae 
0< Pr = ay 0 es Ke Pr = 20 (6.41) 


Conceptually, the PL's are personal or subjective probabilities in the 
Bayesian sense and not objective or frequency probabilities in the classt 
cal sense. Bayesian probabilities are a measure of our current state of 


knowledge about an uncertain quantity or hypothesis; they are modified 
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with the acquisition of new information in accordance with Baye's Theorem. 
Probabilities are assigned to the different models before taking 

data and without strong information about the reaction,it is conventional 

to make these "prior probabilities" all equal.Similarly, lacking Specific 

information about the parameters ,their values are assumed to be distri- 

buted over the range - to +. (called the improper uniform distribution). 
With n sets of observations Mu ices vee enemies at n}, the 


x 
posterior probabilities, Py » can be calculated by the Bayes' Theorem. 


pumberpall. (y/o 0 
Pj Lt (j = 1, as 


Laiten n) (6.42) 


Where P, designates the probability prior to observing the data of and 
L(y/,) is the expected likelihood which is used to designate the 
probability of observing the data, given that the model form o5 is 
correct. 

Ball [4] mentioned that the excessive computations involved in 
evaluating the expected likelihoods when the number of observations is 
more than 20 has been acid¢sadyantage for the Bayesian discrimination 
procedure. .This has been overcome by Singh[130]bydeveloping new expres- 
sions for the expected: likelihoods and thus simplifying the 
computations. - © = .. They proposed the following expressions for 
computing the expected likelihood for ria model when the prior informa- 
tion about the parameters in each model form is so vague that it can be 
approximated by the improper uniform distribution, 
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where r = number of parameters involved in the gth model. 
Si = the minimum sum of errors squared; 
‘ a min : 
ji 04 2] Yobserved, i - Yealcd, 
a, = parameter vector that minimize the sum of errors squared. 
215 1th 2 . ' F 
o = S; /(n-r); the unbiased estimate of error variance. 


The posterior probabilities of success for the competing models can now 
be computed from equation (6.42) and the parameters, a; with 95% 


confidence intervals, are caiculated from following equation: 


A 
Be oH av. kk (6.44) 
where a, ee ge element of the parameter vector a, that minimize 
the sum of errors squared for the aj model. 
C. kk the diagonal element of the variance covariance matrix 
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6.9.1.2 Design of Experiments 


The idea of planning of experiments is to explore the entire 
operating space to locate a region in which predicted responses of 
the various competing models, based on existing information, will 
provide maximum discrimination. The expected entropy changes criterion 
used for design of aineetants in this thesis is due to Singh [130] and 
is both exact and analytically simple unlike the earlier criteria that 
were only approximately correct [4]. 

For a set of m models after observing n data points, the 
entropy may be defined as: 


M 
E =. =e P, Maes 


i=] 74n 145 
where P. F is the probability of the jen model being true after n 


observations. A hypothetical (n+1)8* experiment is carried out and the 


expected posterior probabilities Panel are now used to compute Ent]: 
It is the difference, -R = eed that is a measure of the improve- 
ment in our knowledge. The following expression for -R gives the 


negative of expected entropy change. 
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The hypothetical (n+1)S* experiment is carried out at various experi- 
mental conditions and the negative value of the expected entropy change 
is examined to obtained a region where -R is maximum. 

Computer programs used for the above calculations are listed in 


Appendix B. 


6.9.2 Some Published Models on Claus Reaction 

Before the kinetic models developed in Section 6.8 are consi- 
dered, it would be interesting to correlate some of the published . 
models on Claus reaction with the rate data measured in the present 
work. Such correlation can provide a comparison of the published 


result against that in this thesis. The published models selected are: 


(1) Hammar's [55] models 
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(2) George's [44] best model 


(a) -ry 


grab 


(3) McGregor's [84] best model | 
1/2 

rye so 7 Prstieseaty® Gp¢gey Cel 0” 
The statistical model discrimination techniques mentioned in Section 
6.9.1 were employed.for the correlation. To minimize complications,  - 
the rate data collected in a set of isothermal kinetic runs were used 
for preliminary correlation tests. There are 36 data points in the 
isothermal kinetic experiment at 298°C and less than 20 data points in 
each of the other five sets of isothermal experiments. Therefore, the 
298°C run was employed for the preliminary correlation tests against 


the selected published kinetic models and the results are summarized 


in Table 6-11. 
TABLE 6-11 


CORRELATION OF SOME PUBLISHED KINETIC MODELS 
WITH RATE DATA AT 298°C 


Kinetic Models b, b, b, Variance 
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TABLE 6-11 (Continued) 


Kinetic Models b, b. b. Variance 

oo i ee) a Pe Td ee Oe 

George's Best Model 6.7713x1072 0.007 1.3983 

by Pung /( 1 +b, Pu,0) £5.8321x10°  +0.021 seal. 

McGregor's Best Model 2.0006x107 1, 0.0051 5.4180 

b, Pi S Pog Tiere areas +5. 5648x10 +0.0001 x107 1° 
Z 2 2 HA0 


Table 6-11 shows the values of the parameters and variances together 
with their 95% confidence limits for the various kinetic models tested. 
McGregor's model exhibits the best fit while George's model is the worst. 
From the statistical model discrimination technique, it was found that 
the posterior probability of McGregor's model is very nearly 100% whereas 
those for the other models are almost zero. The clear superiority of 
McGregor's model is also shown by its relatively narrow 95% confidence 
limits of the correlated parameters in contrast to those of other models. 
| The form of McGregor's model differs from that of the other four 
models not only in denominator but also in numerator terms. To test for 
the sensitivity of the numerator and the denominator terms in McGregor's 
models, the following two models were correlated using the same 298°C 


isothermal rate data. 


"50, 7 b, PHS so, i 1.4 bp Pu) Model No. DEM 2 


a 1/2 : 2 
“Tso, = by Pus Ps0, Piler bs PHO) Model No. DEM 3 


Model DEM 2 was established by changing the power of the S0., term in 
McGregor's model (DEM 1) from 1/2 to 1 while models DEM 2 was obtained by 
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changing the power of the denominator terms in McGregor's model (DEM 1) 
from 1 to 2. The results for the correlation of model DEM 2 and DEM 3 
with the 298°C isothermal data are shown in Table 6-12. 


TABLE 6-12 


EXAMINATION OF THE SENSITIVITY OF THE NUMERATOR AND DENOMINATOR TERMS 


—_—_——— rrr crear eee seers eapeeneennepeeeen sae senenves oor teres aes opener ee ee 


OF MCGREGOR'S MODEL BY USING THE ISOTHERMAL RATE DATA AT 298°C 


MODEL DEM1 MODEL DEM2 MODEL DEM3 
1/2 VEL ee 
b.P,, <P AT+b Pe je IbePmePeay /MdeboPen) BiPa ePenee cil lepuPa ot 
1PH,S*S0, 2°50 PHS sop Adah oP so) Pin stso. 2PH0 
: -8 7 
b, 2.0006 x 10 4.3711 x 10 1.9883 x 10 
 Bleeeese 10719 D5 1686 x 107" Pa e7oe enn” 
by 0.0051 + 0.0001 0.0050 + 0.0051 0.0023 + 0.0001 
Variance 5.4180 x 10 °° 1.2001 x 10°!! 4.4370 x 10°!9 


i 


As exhibited in Table 6-12, both the values of the variance and the 95% 
confidence limits of the parameters are poorer for model DEM 2 than DEM 1 
while those of DEM 3 and DEM 1 are about equal. This illustrates that 
changing the power of $0, term in the denominator term from 1/2 to 1 

is more sensitive in affecting the results of correlation than changing 


the power of whole denominator terms from | to 2. In George's model, the 


50, term was completely left out and as a result, his model fitted poorly. 
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The clear superiority of McGregor's model over other published 


model suggests that the powers of Pi. 5 
2 


Should be 1 and 1/2. This can be verified by the correlation of the 


and P terms in the numerator 
$0, 


following model, 


: b b 
i750, b, Pi . 2 Poo 34/ Sl? eb PS) Moed] No. DEMX1 


9 4 H,0 
against the isothermal rate data at 298°C and then examine whether the 
values of parameter b, and b. are 1 and 1/2. The values of the para- 


meters obtained from such correlation are: 


b, = 1.9899 x 1077 + 4.7919 x 10°° 


b, = 1.0008 + 0.0040 

bs = 0.5010 + 0.0047 

by = 0.0051 + 0.0001 
-15 


Variance = 5.7199 x 10 

which also strongly indicate the powers of Pi S and Po to be 1 and 
2 2 

1/2 respectively. To investigate whether this is also true for other 
temperatures, the model DEMX1 was correlated against the isothermal 
rate data at other temperatures. The results are summarized in 
Table 6-13. 

As can be seen in Table 6-13, the powers on Pi S and Po terms 

a 2 

(that is, bs and b3) in model No. DEMX1 are 1 and 1/2 regardless of 
temperature. The 95% confidence limits on all parameters deduced from 
the correlation are relatively small as are the variances. The good- 
ness of fit for McGregor's model against the rate data collected in this 
work has apparently been demonstrated. Although the values of the para- 


meters of P term (by) do not show a good correlation as a function of 


Ho0 
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temperature, they do indicate that the retarding effect of water vapor 
against the rate of reaction is significant. This may be due to the 
greater experimental errors in the runs with high water vapor partial 
pressures. 

Because of the relatively good correlation of McGregor's model 
against the rate data collected in the present work, it would be 
interesting to proceed a step further. The powers of the denominator 
terms will be varied and the models so obtained will be called Modi- 
fied McGregor's models. Rate data will then be correlated against 
these models to find out the best power for the denominator terms. 


This will be described in the following section. 


6.9.3 Correlation of Modified McGregor's Model 


Table 6-14 shows the results of the correlation of various 


isothermal rate data collected in the present work against following 


rar Sit Ve Model No. DEM 1 
“Yoo = byP i, S Pog / (1+ b, Py 0) odel No. 
Z 2 2 2 ; 
5 1/2 
elsp. = b,P. 5 Pog / (1 + b. Pi 0) Model No. DEM 12 
2 2 2 2 ; 
e Va 
"50, = PHS PS0, / (1+ b, P10) Model No. DEM 13 


which were obtained by assigning the Ist, 2nd and 3rd power to the 
denominator terms of McGregor's model. 

The model DEM 1 fitted best at 235.2°C, 261.5°C and 323°C; 
the model DEM 12 at 298.2 °C; and the model DEM 13 at 200 °C and 
212.3 °C. It may appear that the first power model DEM 1 emerges 
to be the best model because it fits best with most isothemal 
runs. However, among the three isothermal runs that it fits 
best, the values of the variance were somewhat larger than 


those where DEM 12 and DEM 13 fit best. Therefore it is really 
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difficult to conclude which of these three model fits best. However , 
all models illustrated the Significance of Pi 0 term on the retarding 
2 


effect of the reaction rate. 


6.9.4 Discrimination Among Models Derived in the Present Work 


Among the various models derived in Section 6.8, some are similar 
to Hammar's model or George's best model, while others are similar to 
McGregor's best model. It has already been iimistcared in Section 6.9.2 
to 6.9.4 that basically McGregor's model correlates extremely well with 
the rate data collected in the present work. It has also been shown that 
it was vital to have the PHS Pon terms in the numerator of the model 
in order to achieve good correlation. Based on these results, the models 
derived in Section 6.8 which do not contain the FHSS Po, terms in 
their numerators are rejected during this preliminary steps of the model 
discrimination. The requirement of the so, term in the numerator of 
the model may indicate that the reaction mechanism should be one that 
involves the dissociation of adsorbed 50, into two "oxygen" which 
then react separately (shown in Table 6-8 to 6-10 as intermediate’ steps). 
This may also mean that the simple Eley-Rideal and Langmuir-Hirshelwood 
type of mechanisms which do not include these intermediate steps could 
not be the representative mechanisms for the reaction system studied. 

The whole mechanism depicted in Table 6-7 must hence be rejected. The 
models which remained from these preliminary steps of discrimination 
are listed in Table 6-15. \ 


All models listed in Table 6-15 contain seven or more parameters. 


Substantial computer time would be required for the correlation process 
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in order to determine the values of these parameters. Without first 
knowing whether all terms in the bracket of the denominator of the 
models are Significant, it seems not worthwhile to invest the amount of 
computer time at this stage. Therefore, all bracketed terms in the 


denominators of the model are first reduced to only Y, 


1/x 


baer tab 


“a 
This step reduces the number of parameters in all models to five © 


PabaqR 


where Y = 1] + b. P A P50 5 S 


HESw 238" 56 
instead of seven and the model Nos. are modified to DOH4', DOH5' etc. 
These modified models were then correlated with the rate data of 
all isothermal runs performed in the present work. Model DOH4' is 
dropped at this stage because of the PHO terms in the numerator. Only 
the values of the variances achieved from such correlation are summa- . 
rized in Table 6-16 while the correlated values of the various para- 
meters are listed in Table H-1 of Appendix H. From the correlated 
values of the various parameters, it can be notices that the terms PHyS 


and P in the denominator of the models are not significant. This is 


SO 

Rabies: by two points:first, some of the correlated constants for PHS 
and °s0, are negative and second, the values of these constants are 
negligible in comparison to their 95% confidence limits in most cases. 
The insignificance of the PHS and Poo terms in the denominator may be 
due to the relatively weak adsorption of HS and 50, compared to that of 
water or sulfur. The strong adsorption capability of HA0 as compared to 


H3S.0r SO, had been verified at room temperature in the present work by 


2 
using infrared spectroscopic technique. The experiment to support this 
view included the preadsorption of 1] cm Hg pressure HyS(or SO0,) ona’ y- 


alumina wafer which was then exposed to a mixture of H,S(or SO.) and HA0 
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vapor at room temperature. Figure 6-16 shows the infrared spectra 
recorded in such an experiment. It can be seen that the infrared bands 
at 2565, 1585 and 1335 cm”! indicated in spectrum (A) and characteris- 
tic of adsorbed HS are no longer present in spectrum (B) after the 
exposure of that wafer to water vapor. Instead a broad hydrogen bon- 
ding band around 3600 cm”! plus the scissors-like bending vibration 


band of adsorbed water at 1625 cm! 


were detected in spectrum (B). 
Apparently, the adsorbed HS was displaced by the adsorption of water. 
A similar result was obtained, as depicted in spectra (C) and (D) when 
$0, was used in place of HoS. In both cases, the complete displacement 
took about 3 h. 


From Table 6-16, it can be seen that the models DSO4' and DOH5', 


-Vr + 
SO, 9 (as H5S 


provided the best correlation for all isothermal runs. These two © 


bp. 1/xyé 


bP Pe a+ 
a H0 9 Sy 


Sx 


Pr. P ples 
1 H,S $0, 3 SO, 
models were derived, according to Section 6.8, with the mechanism which 


involves the, 
HoS . # + 0. > H,0 2p Soe (6.51) 


surface reaction step as rate-determining, where # represents Lewis- 
acid site. Hence the adsorption of HoS and S0, on Lewis-acid sites 

and the importance of oxide-ion site for the reaction had been observed 
experimentally and verified by the results of model correlation. Among 
all the models listed in Table 6-16, the water term in the bracket of 
the denominator was proven to be significant irrespective of the model 
or set of isothermal data. Therefore, the retarding effect of water on 


the rate of reaction was not only demonstrated by experiments but also 


illustrated by the data-fitting results. 
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On the other hand, the sign of desorption equilibrium constant 


] : 
A in the bracket of the denominator term was negative for 


for sulfur Po 
X 

some models and positive for others. The 95% confidence limit on this 

parameter could be considered as good or bad depending on the model. 


V/x term in the bracket 


But as far as the best model is concerned, the Pe 
of the denominator is insignificant. As a result, the best model is 
reduced to the following form: 


1/2 1/2 


apc a: 
Sy 


= b,P 
S 50, 


Xx 
2 
#50, PH (et bo P90) Model No. FHS] 


2 


after the terms Py 5? Pog and Po were dropped from the bracketed 
2 2 X 


terms of the denominator of the model. 


6.9.5 Kinetic Model with Temperature Dependency 

The most successful model, FHS1, obtained from the model 
correlation process using isothermal data at different temperatures, 
is rewritten below according to Arrhenius expression: 


Prse. if 
k. exp(-E,/RT) H,S 'SO 
Pan SS ws Sat SR AP eg a 


-r 
SO 
2 1/2x 2 
i [1 + Kao exp (E,/RT) Puno! 


This model is then correlated with al] the rate data collected in the 


present work and the results are listed in Table 6-17. 
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TABLE 6-17 


RESULTS OBTAINED FROM THE CORRELATION OF THE MOST SUCCESSFUL 


re er a NRA 


MODEL AGAINST ALL RATE DATA 


ky = 972x104 4.37 x 10 
E,/R = 3609 + 254 

eA ee Bes eg Pg caf: 
F/R = 3158 + 1049 

Variance = 7.15 x 10° !3 


These final results indicate the significance of retarding effect of 


Ho 


term parameter obtained here is worse than those deduced from the 


0 on rate of reaction although the 95% confidence limit of the Py 0 
2 


correlation against isothermal rate data in Section 6.9.5. 
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CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 


Tal. Conclusions 


7.1.1 Adsorption of HAS and SO, on Y-Alumina 


Contrary to other reports [34, 84], this work suggests that both 
HS and $0, are not adsorbed on Y-alumina via the formation of hydrogen 
bonding with the surface hydroxyl groups. Rather, they are adsorbed 
through their sulfur atom on the Lewis-acid sites and the adsorption is 
reversible. The broad hydrogen bonding band detected by infrared 
Spectrophotometry upon the adsorption of HS or SO, on Y-alumina is due 
to the interaction of the adsorbate with the neighbouring sites like 
surface hydroxyl groups or oxide-ion sites. 

With a wafer less than 150 mg, the amount of H5S or SO, 
adsorbed at temperatures above 150°C could not be detected by infrared 
spectroscopy although detection of these adsorbed species was achieved 
at room temperature. By using the volumetric method, others[33, 45, 
46] were able to measure significant HS or 50, adsorption easily at 
temperatures as high as 500°C because they could employ substantially 
larger quantity of Y-alumina in their experiments. 

Upon adsorption of HS (or CS.) on Y-alumina pretreated by 
heating in oxygen or air followed by degassing at 400°C, the H,S (or 


CS.) was found to be oxidized to sulfur by a finite amount of 


>) 
"surface oxygen’ on Y-alumina. Heating the catalyst with hydrogen 
at 400°C after the "normal' pretreatment process could prevent the 


oxidation of the adsorbate. The exact form (molecular, lattice or 
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other forms) of such "surface oxygen" is stil] unknown. This 
finite amount of "surface oxygen" could be restored by heating the 


Y-alumina again with oxygen or SO Others [35, 38, 57] reported 


9: 
that the surface oxygen of Y-alumina could be exchanged with the 
isotopic oxygen or Tae 

No sulfate formation could be detected upon adsorption of 
50, on Y-alumina from room temperature to 400°C regardless of which 
catalyst pretreatment method was adopted. It was found that the 
presence of oxygen was necessary for the formation of sulfate on 
Y -alumina from SO, although the formation of sulfate could be 
enhanced by adsorbing only SO, on Y-alumina. Among the various ways 
of forming sulfate, the adsorption of SO. vapor on Y-alumina was 
found to be the most effective and fastest. It is still unknown 
whether the formation of sulfate from $0, and 0, proceeds directly 


or via the formation of S03. No surface sulfate could be detected 


on the used catalyst produced in the kinetic experiments. 


7.1.2 The Catalytic Role Played by ¥-Alumina_ in Claus Reaction 


The Lewis-acid sites of Y-alumina were found to be important 
for the adsorption of both H5S and S0,. On the other hand, the oxide- 
ion sites were more essential than the Lewis-acid sites in affecting 
the catalytic activity of the reaction. Hence, somehow the oxide-ion 
sites should be expected to play a vital role in the reaction. 

In the model discrimination process, it was found that those 
models which were derived by assuming a reaction mechanism involving 
the simple reaction step between two adsorbed reactants at adjacent 


sites or between one adsorbed reactant and the other in gaseous phase 
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produced poor correlation results. Models with mechanisms involving 
intermediate reaction steps generated better correlation results and 
those with dissociation of adsorbed 50, as a step gave best results. 
The: catalytic role played by Y-alumina in the Claus reaction is 
one that involves adsorption of the reactants and acts as a medium for 
the oxidation-reduction process to take place. The adsorbed Hos is 
Oxidized by the "surface oxygen" on the Y-alumina which in turn is 
replenished by the dissociation of the adsorbed SO. Hence the 
continuous consumption of the "surface oxygen" by HoS and replenish- 


ment by 50, hence accounts for the Claus reaction. 


7.1.3 Kinetics and Mechanism of Claus Reaction 
The use of "in situ" quantitative infrared spectroscopy was 
found to be able to eliminate the possibility of error attributable to 
the catalytic effect of molten sulfur. In agreement with Karren [64], 
molten sulfur was found to exhibit a catalytic effect on the reaction. 
The general form of the kinetic model determined from the 
rate measurements of the present work matches surprisingly well with 
that by McGregor [84], who used bauxite as a catalyst. This implies 
that it is the skeletal structure of Y-alumina in bauxite that is 
responsible for the catalytic action. In agreement with McGregor, 
water was observed to have imposed a retarding effect on the reaction 
rate. The rate data derived from the present work demonstrated the 


retarding effect of water more emphatically than those of McGregor. 
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This is because the water concentrations in the present work were 
varied over a wider range. McGregor did not mention about the effect 
of sulfur on rate of reaction but in the present work, sulfur was 
statistically found to exert a retarding effect on reaction rate. 
McGregor concluded from his rate data fitting process 
that the reverse reaction term was probably not significant under 
the experimental conditions employed. In the present work, the 
negligible effect of the reverse reaction was also observed 
experimentally. 
By using a Bayesian approach to model discrimination, the 
following model was found to describe the reaction system studied 


We 


b exp (-E)9/RT) P P ; 


Hos SO 


(Ven) = 
a 1/2 x 


2 
[1+ bog exP (Epo/RT)PH od oa 


where by, = 9.72 x 10> #4657 xe10 
E,9/R = 3609 + 254 
we ie 
: + 2. 10 
boph = 105 R107? 2 218 


Eoo/R = 3158 + 1049 


This model was derived from the mechanisms shown in Table by omitting 


the P P and P V/x from the bracketed denominator terms. In 
HoS’ 50. SX 
these mechanisms, the reaction between the adsorbed HS and "surface 


oxygen" 
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is rate-determining. The "surface oxygen" is replenished (after being 
consumed by H5S) by the dissociation of adsorbed S0,. In parallel] 
with reaction step (6.51), adsorbed HS could also be dissociated 
by the surface sulfur into SH or SH groups which were in turn 
oxidized by "surface oxygen" into sulfur and water. On the other hand 
the adsorbed Hos could also be oxidized by surface hydroxyl groups into 
water and sulfur. These steps were assumed not to be rate-determining 
because the models derived by considering these as rate-determining 
produced poorer correlation results. Mechanisms involving the 
dissociation of adsorbed H5S into water and SH group did not generate 
models that correlate satisfactorily with the measured rate data. 

The apparent rate constant and activation energy are only 
slightly different from those obtained by McGregor. This implies 
again the similarity of catalytic activity between pure Y-alumina . 


and bauxite towards the Claus reaction. 


de2 Recommendations 


7.2.1 Equipment 


7.2.1.1 Reactor 


There are several items on the reactor that can be improved 


and these are listed below 

(1) The gears on the stirrers of the reactor fused salt 
bath were too noisy during experimental runs. Although this did not 
affect the results of the experiment, the noise pollution should 


definitely be reduced. This could possibly be accomplished by 
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redesigning the gear or by using other types of driving devices (for 
example, a belt drive instead of a gear drive). 

(2) The Teflon O-rings employed on the infrared cell windows 
could withstand a finite period of application beyond which they 
started to deform. Which type of O-ring would be the more suitable 
is not known but a search for a better O-ring should be continued. 

(3) The screw threaded holes for holding the infrared cell 
windows were tapped right onto the wall of the fused salt bath container 
of the reactor. Since the container wall is relatively thin (1/8 inch), 
very little metal was left in the wall on the tapped spot. Thermal stress 
plus corrosion could generate a crack easily and hence fused salt 
could leak out through those tapped holes and could damage the infrared 
cell windows. This problem could be overcome by either increasing the 
wall thickness at that region or by adopting other methods of holding 
the infrared cell windows. 

(4) Although the catalyst sample holder seemed not to have 
created significant mass transfer or flow restriction to the reaction, 
it could certainly be improved by reducing the weight and to have more 


clearance for the access of reactants to the catalyst. 


- 7.2.1.2 Recirculation Pump 


There were mainly three types of difficulties encountered in 
the operation of the reciprocating recirculation pump in the present 
work. First, the electric coils wound around the pump could not be 
heated above 275°C and hence this limited the amount of sulfur vapor 
pressure tolerable in the pump. Second, the method of insulating the 


pump by winding asbestos tape around it was poor and new insulation 
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had to be used every time the pump was dismantled for cleaning. Third, 
due to carelessness, sulfur could be condensed in the pump by inadequate 
purging prior to shutdown. The first problem could be overcome by 
selecting an electric wire for the winding whose insulation would with- 
stand higher temperature. The second problem could be resolved by 
placing the pump in a temperature-controlled compartment and by doing 
SO, it would eliminate the use of the asbestos tape. As for the third 
problem, more careful operation will be required although some safety 
device like switching on an auxiliary nitrogen purge to the pump when- 
ever the pump is shutdown or its temperature lowered to some prset 


point could be installed. 


7.2.2 Studies on Equilibrium Conversion 


The infrared spectrophotometric technique has been proven to be 
very useful for the measurement of equilibrium conversions of the Claus 
reaction. This is because the analysis could be done "in-situ" in the 
reactor and does not require the removal of a sample from the reactor 
for analysis like gas chromatograph. Very often, sulfur has to be 
eliminated from the sample before analysis by gas chromatography and 
in so doing the sample composition may be affected. This is due to the 
possibility that condensed sulfur either to adsorb the reactants or 
catalyzes further reaction. The equilibrium conversion so measured 
may possibly be in error. 

The method and equipment used for measurement of equilibrium 
conversion in Section 6.6.2 could be used for a more detailed study on 
equilibrium conversion of the Claus reaction. Some modifications on 


the equipment should be made before attempting such a study. This 


ities ; 
f f 4 het Z 
areas" a 
DIEAT aE RES "ig 5 bat onariet 28 a 
sisupebent ya Di aunt, Ay ‘beens! bined five, gee ox " 
Minhas. | are 


¥d Smo > eyo ad ‘two, fy ote hong, jets “ eb ot nore, 
; J ; os wes! 1 ll 
“Adiw biaow sielventy a20% cu pathnitw: ott not, avin, ‘gintoess NB, E “a 
J iw i ye A a i: ; 
d baviogan od 6 fas i Gord bese, a, -Sauseroqnes = ams 


By 


bari 13 Toyo ser teysan® it Be, at nwa, att. 


brant ert AOheh aged eotagdan adt, a 2h pty scteatmi is bi “i 
9 peri 
vier ns. shoe fovetits bethupen) ed Tit nop sen9qo. futeB>, 270M, ma ipste 
enor. onuy okt oF getwe nepeie ia eet hes NGG enidtastwe, sith 8 
Tee e|nge2 < r beth ying ‘ outs To ee att 10: nwobdur f2,21, ‘Gimig,. BF 
i a 
| ‘ _abotiagant 9d bives 3 
| i : | . ‘alll v 
i aN 
oieravaed sine no 2 po zetia 
r i : a. mines 
gd of novexo asad den appt nase, aise aa jenigond 2092 beret aka atl 


ii) 


ayel) oct? to, anahersynee mutt pe) e Sromacn 12.6640 anid, 40%, juteay 


tw — aly 
Ln 


ohh "udtieenth" arab Bd) bie: atectann ond “eeuszed: ar Po 4 <i tto ) 
r Ae 


od 


pao o1 add trovt of mae a to Lavon oe oetuport son, 290, bas ag%2 


ad. od 260 waiPF we nai a igre oor mete “i 
aya ely pada wore . ae eh Hovion wiated atcanse, Pee bass nit 
— ‘Od sub 2F eta Lbadastit ad (a noi 200 wes stqnsz ont entoh. 0 bo 
webs OF nadie wy fue dae enables: $8 i x 


ft’ = 
 barwe ‘atall oz hotzravands sage at -notss9an, pods 2 7 
| iy ieee) | oT hpates: ‘vid 
7 mad Phe to. semen “salg 
re bute mate scm, é 1h bee au od oo S, pale 


Vis | 


ae 
no. envi aaa bom soi. oti oat 2612.9n3 to, , 


7 — at yaeet ypu, 6° doing ent re , 1 ‘iad 6 d bam. | 


a ' vine 
wy 7 a i Varmint - 2 Ae us a * 7 a 
Weed Pad On tih vent, a 


"e ‘ehoaded 507 ofz) a 


pone wh ene 


243 


includes the installation of a small recirculation pump between the 
reactor and the infrared cell so that equilibrium could be reached 
sooner. The infrared cell should also be lengthened to provide more 


sensitive analysis. 


7.2.3 Kinetics and Mechanism 

Several unclarified points still remain concerning the kinetics 
and mechanism of Claus reaction. The suggusted future work is 
Summarized below: 

(1) The nature of "surface oxygen" on the Y-alumina surface 
which is capable of oxidizing adsorbed Hos at room temperature and 
is an intermediate for Claus reaction is still unknown. The clari- 
fication of this point could provide further understanding of Claus 
reaction and also, more important, increase the knowledge on the 
catalytic nature of Y-alumina. The exact method of achieving this is 
not clear at this stage. Perhaps by comparing the heat of reaction of 
hydrogen with alumina and with pure oxygen accurately, it may be 
possible to find out whether the "surface oxygen" is of the molecular 
or "strain-bridge" type [99]. 

(2) It has been assumed that SO, dissociates on the surface 
of Y-alumina in this thesis and in the process of model discrimination, 
only models derived from mechanisms assuming the dissociation of SO. 
provided good correlation with rate data. However it has not been 
demonstrated conclusively by experiment that SO, dissociation actually 
takes place. Two methods are porposed here for such investigation. 


First, by contacting 50, with the "reduced-alumina" at temperatures 
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from 200°C - 400°C and then evacuating the resultant gases into a mass 
spectrometer for the analysis of sulfur. If a trace of sulfur is 


detected, this should be from the dissociation of S0,. Second, by 


16 


using isotopic SO, like sae for adsorption on -alumina and if 50. 


is detected exchange of oxygen and hence dissociation of S0, should 
have occurred. 

(3) The catalytic effect of molten sulfur on Claus reaction 
has been detected qualitatively [22, 64]. To gain more knowledge in 
this field, quantitative measurements are needed. Goddin et al. [48] 
reported a higher Claus unit efficiency by operating the reaction 
temperature lower than the sulfur dew point. The additional research 
on molten sulfur-catalyzed Claus reaction can provide valuable infor- 
mation to the design and operation of a Claus process involving the 
removal of sulfur by condensation before the unreacted Hos and S0, 
are introduced to downstream reactors. 

(4) If molten sulfur is capable of catalyzing the Claus 
reaction, SO should the condensed sulfur in the pores of the catalyst. 
It appears that the type of experiment required for such investigation 
is not too complicated. First, a porous solid which is inert to the 
Claus reaction could be chosen as a medium for sulfur condensation in 
the pores. In the present work, «<-alumina was found to be inert to 
Claus reaction and could be used for such purpose. To carry out the 


experiment, sulfur vapor (at as high a concentration as possible) 


should be introduced with HAS SO, and No (which acts as a carrier gas) 


over o-alumina of the reaction temperature. If reaction between H5S and 


SO, is detected, this should be from the catalytic effect of condensed 
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sulfur (of course, it should be absolutely established that the porous 


solid is catalytically inert). 
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NOMENCLATURE 


The following list summarizes the nomenclature used in this 
thesis. Symbols and constants are also defined where they first occur. 
The special symbols separately used and defined in the Appendix are 


not included here. 


English Letter Symbols 


Ae Specific external surface area of catalyst (cm) 
A Absorbance at wavelength 
ay Vector of unknown parameters corresponding to the Ken mode | 
b. Arbitrary constant of qin independent variable 
C Concentration (g-mol/1) 
ue Variance covariance matrix of the parameters in a kinetic 
mode] 
di, Diameter of catalyst wafer (cm) 
D Diffusivity 
are Effective diffusivity 
E Activation energy (K cal/g-mol) 
ET Entropy 
ES Apparent activation energy (K cal/g-mol) 
in True activation energy (K cal/g-mol ) 


Error term in the jth kinetic model 
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Molal flow rate of the reactant (g-mol/h) 

Intensity of the transmitted infrared beam 

Intensity of the incident infrared beam ~ 

Gas diffusion ceofficient 

Equilibrium constant for the reaction step i, or adsorption 
constant for ra Species 

Reaction rate constant for reaction step i 

Total number of active sites of type i on the catalyst 
surface 

Length of the IR cell (cm) 

Molecular weight of component i 

The power factor for HS term in the rate equation 
Total number of data point obtained 

Diffusion flux of component i (g-mol/s cm“) 

The power factor for S0, term in the rate equation 


Total pressure (atm) 


h 


Probability that the it model form is correct, or partial 


pressure of jth component (mm Hg) 

Partial pressure of reactant in the feed stream (mm Hg) 
Ideal gas law constant 

Expected entropy change 

Rate of reaction; g-mol of reactant converted per second 

per gm of catalyst 

Ratio of volume over surface area of the catalyst (cm) 

Rate of reaction for the reaction step i; g-mol of reactant 


converted per second per gm of catalyst 
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Initial rate of reaction; g-mol of reactant converted per 
second per gm of catalyst 

Minimum sum of error squared 

Absolute temperature (°K) 

Weight of catalyst (gm) 

Design matrix for a kinetic model 

Independent variable for model discrimination 

Fraction of reactant converted into product 


Dependent variable for model discrimination 


Greek Letter Symbols 


Extinction coefficient 

Error of variance of a single measurement 
The unbiased estimate of error variance 
Proposed if kinetic model 

Thiele diffusion modulus squared 

Porosity of catalyst 


Tortuosity factor of catalyst 


ne ihe 9 a nome 
not Sem frm aee rhe Tabom ih sidbtiev 3 
‘dubo%4 on bevrevne: Stisdisey' to 
| | _ no} tentmi yaar jbo ” efdsivey 7) 
a | i" | x we & Tes i 
| weed Wi maw oul ake ite 


toda ‘ested 40990) 


gi sone yore i wlnesinan siniilliee | 
Civility’ tae Stents iawn 
ig Nig ie} i "oh ase ieernalnelgaialen: 

Fs ncelaameniyenee 


is 3) mene, «rpg tien haininel 
w inande! ‘“ ae oe) Ae aga 
aS : | | Se | 
cy ae i? eps wire Die Ihe (4 aR 
ala + a rt = ee ‘Hornet | ep pig 


: Lif Me a * \ | y, 
a ae 
| | : nae? | 


ne 


ae | Lo ee ene hese, 
i ; 7 era rey ae 


fh of ‘the apparatus: used for gas chrgiatooreo 1s 


tion is hee: rT figure ini, The wio}e apparatios wis made of 
SS 8 at comstinec oF a ‘cal {bration chamber. é storage | haaber, a 
| yd érid '& ipesun vali The volume in the calibration chamber rH 


Seat sirousd hy AiTsag with various wetghed amount ‘of water, The 
erat voth the calASration. and storage chaiaber:. fs, about Y Dtre, : 
Je start a calibret jon, with reference to Figure Aa}, both. 
— chamber and storage chammer were vented to otnasghere 
F stopcacts a. E, F and G while stopodck ¢ wes i SRR Rt ‘the Sane 


oe 


the mercury level. in calidration chamber Was. arepped to the 
; APPENDIX 


st. point Via stépeock H by venting the mercury nederyotr No. 1 


v 
ny | 


Ain 


al Gh. stopcock A to the atmosphere, Then rhe eal (bration and stor.) 


6-one 

age chambers were evacuated by Closing stopeocks b..8 and 4 ang 
ing stopcot ks f ahe-C. Ouring the evecastion, 4 cersein mercury 
| gh Should be kept in both chambers, This county be done by opening 


4 


a hy the stopcocks 4 and d and then ciesad again, ei a fs ; Ms wa 
5a 

Last net shown in. Figure &-T ard situated between. ainpeger c and the i 

‘ie system (similar to the one deser-thed in Chapter uu Wes wed ta a ‘ 

| sore the :vaicvum in hessysten, i | at | ns ef a, [i 

“Riter the evacuation hed been continued for ‘more ‘tha. 2 fe & 

Scat ready for Antroduct ton of basés” (igh 50, gepanding 

which was to be calibrated). To proceed, both chambers were 

solated by’ Elosing Stopepeks F, G, x and J. The desired ‘gas sunply.. 

Nine vas fomectes to the bent Joint on stopeatk 8 - at ale stave, | 


or) hae ; Res 


i ak a le as Pi a 


The evetan could be evacuated ta biiow 10° we Hg, aA Pirani i 1 


Po 


aoe 4) i m7 
— i ne i 
ean ’ 


uN 
eile ae erate ‘ 2 
afi agli ast o wbr nla 
a i. img helipad re 
f! pe hohe a 


a 4 oy 'kh ‘vevteaadign Gniealen 
npnes by Adan neers 
\ f . a ws i: , a 


Th i Mt Ae os 
i) DUP 
nie ae § 
oe. 
: ¥ vn 
Ln 


260 
A-] 


A. CALIBRATION OF GAS CHROMATOGRAPH 


A sketch of the apparatus used for gas chromatographic 
calibration is shown in Figure A-]. The whole apparatus was made of 
glass and consisted of a calibration chamber, a storage chamber, a 
manifold and a vacuum system. The volume in the calibration chamber 
was calibrated by filling with various weighed amount of water. The 
size of both the calibration and storage chamber is about 1 Titre. 

To start a calibration, with reference to Figure A-1, both 
the calibration chamber and storage chamber were vented to atmosphere 
via stopcocks D, E, F and G while stopcock C was closed. At the same 
time, the mercury level in calibration chamber was dropped to the 
lowest point via stopcock H by venting the mercury reservoir No. 1 
through stopcock A to the atmosphere. Then the calibration and stor- 
age chambers were evacuated by closing stopcocks D, B and H and 
opening stopcocks F and C. During the evacuation, a certain mercury 
level should be kept in both chambers. This could be done by opening 
slightly the stopcocks H and J and then closed again. 

The system could be evacuated to below 107° mm Hg. A Pirani 
gauge not shown in Figure A-1 and situated between stopcock C and the 
vacuum system (similar to the one described in Chapter IV) was used to 
measure the vacuum in the system. 

After the evacuation had been continued for more than 2 h, 
the system was ready for introduction of gases (HS or S05 > depending 
on which was to be calibrated). To proceed, both chambers were 
isolated by closing stopcocks F, G, H and J. The desired gas supply 


line was connected to the ball joint on stopcock B and at that stage, 
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Fiaure A-1. Apparatus for GC Calibration. 
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some air from the atmosphere still remained in the gas supply line. 
This could be eliminated by repeated purging and evacuation of the gas 
supply line and the manifold. The purging could be accomplished by 
turning on the regulator of the gas supply cylinder and opening stop- 
cocks B and D while closing stopcock C. The evacuation was done by 
closing stopcock B and D while opening stopcock C. It has been found 
from this work that repeated purging and evacuation for a total of 15 
min could almost completely reduce the air trapped in the system. Then 
the mercury level in the calibration chamber was raised to a point such 
that the void volume above the mercury level was about equal to the 
desired gas volume to be introduced. This was carried out by opening 
and closing stopcock H and by keeping mercury reservoir No. 1 vented 
through stopcock A to the atmosphere. To introduce the gas, stopcock B 
was opened for about 5 sec and then stopcock F was opened slowly. 
About 20 sec later, with the gas still flowing, stopcock D and F were 
opened to allow the pressure in the calibration chamber to drop to 
round atmospheric pressure. Then stopcocks D followed immediately by B 


and F were closed and the H,S (or SO.) gas supply could be shut off. 


Next, the stopcock H was opened and the mercury reservoir 
No. 1 was vented to the atmosphere through stopcock A. As soon as the 
mercury level in the calibration chamber was stabilized, a cathetometer 
was used to measure the location of mercury levels in the calibration 
chamber (hy mm) and reservoir No. 1 (ho mn). The readings of atmos- 
pheric pressure (Pmm Hg) and ambient temperature T, °C) were also 
recorded. The void volume Vic.c.) above the mercury in the calibration 


chamber could be read off the calibrated scale on the chamber wall. By 
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using equation (A.1), the number of gram-moles of Hos (or S0,) intro- » 


duced (Ny) could be calculated. 


ND = V (Po - h, + h,) 


RT. 1 


(A.1) 


After all the required measurements and calculation had been 
completed, the gas supply line of H,S (or S0, ) was removed from the 
ball joint on stopcock B and replaced by No supply line. The whole 
procedure of purging and evacuating the gas supply line and manifold 
was repeated same as during the introduction of Hos (or S05). When 
this was complete, stopcock C and D were closed and stopcock B was 
Slowly opened. The manifold should be pressurized sufficiently above 
the atmospheric pressure before stopcock F was opened to allow the 
introduction of No into the calibration chamber. In addition, stopcock 
H should be closed and the mercury reservoirs No. 1 vented to the 
atmosphere through stopcock A. After all these requirements had been 
checked, stopcock F was opened slowly and at the same time the mercury 
level drop was watched closely to make sure that it did not go below 
the lowest scale mark on the calibration chamber. When sufficient No 
had been introduced, stopcock F was closely quickly, followed immediate- 
ly by stopcock B. Then No gas supply could be shut off and the mercury 
level in the calibration chamber allowed to stabilize. Similar measure- 
ments taken during the introduction of H,S (or S0,) were repeated. By 


using equation (A.2) the number of gram-moles of No introduced could be 


calculated. 
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(A.2) 
RT 2 | 


By combining equation (A.1) and (A.2) the final molar ratio between Hs 
(or S0,) and No in the calibration chamber could be calculated according 


to the following equation (A.3) 


(A.3) 


Where the subscribes of 1 and 2 below n as well as the square bracket 


indicate HS (or S0,) and No 


At this stage, the gas sample in the calibration chamber might 


respectively. 


not be adequately mixed. To improve mixing, the manifold as well as the 
storage chamber was first evacuated by opening stopcock C and G. Then 
the stopcock C was closed and stopcock F was opened to allow part of the 
gas sample to flow into the storage chamber. The mileage was accom- 
plished by raising the mercury levels in the two chambers to as high as 
possible or dropping to as low as possible, the raising and dropping 
could be carried out either simultaineously or alternately between the 
two chambers. The mercury level in the calibration chamber could be 
raised by applying compressed air to the mercury reservoir No. | 


through stopcock A and with stopcock H opened. It could be dropped by 
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repeating the procedure, replacing compressed air with vacuum. On the 
other hand, the mercury level in storage chamber could be changed by 
moving the whole mercury reservoir No. 2 up and down with stopcock J 
opened. It was found in this work that Gaenuare aTnG could be 
achieved in 15 min by such method. Adequate mixing was defined as 

no change in the gas chromatographic analysis results between two 
samples taken from the same gas mixture but 24 h apart. 

At the completion of mixing, the mercury level in the 
calibration chamber was raised to as high as possible but below stop- 
cock F while that in the storage chamber to as low as possible but 
above stopcock J. This was to transfer the gas mixture from the 
calibration to storage chamber. 

At this state, standard gas sample had been prepared and 
ready for gas chromatographic calibration. The whole storage chamber, 
stand and mercury reservoir No. 2 were detached from the system at 
ball joint E. The point of detachment was then reconnected to a 
similar ball joint at the sample injection point of the gas chromato- 
graph. To allow the injection of gas samples into the gas chromato- 
graph, the mercury level in the storage chamber was raised to build up 
the gas pressure and then stopcock G could be opened and closed for a 
short duration of time (about 1 sec) for every injection. The initial 
few injections were actually used to purge the line free of trapped 
air and therefore the corresponding analysis results should be discarded. 
As the analysis proceded, the gas pressure in the storage chamber 
dropped, resulting the progressly diminishing of sample sizes. This 
could be corrected as required by raising the mercury level in the 


storage chamber further. It was found in this work that the storage 
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chamber was big enough for at least six analysis (excluding the 
initial few injections). 
During calibration, the gas chromatograph was operated at 
the conditions outlined in Chapter V. For every analysis, the peak 
areas of the chromatograms were measured by a dish integrator. The 


peak area ratio between H,S (or S0,) and N, calculated from the 


2 2 
measured results and since about six analysis of various sample sizes 
were obtained, an average area ratio was used. In this work, less 
than 0.2% variation in area ratio was produced by changing sample 
sizes. 

A plot of average peak area ratio vs. molar ratio for 
HoS/No and S0,/N, is shown in Figures A-2 and A-3 respectively. A 
good linear relation was obtained for both plots. Tables A-1] and 
A-2 indicate the results fitted by least square method for the same 


data shown in Figures A-2 and A-3. A computer program LEAST used 


for the data fitting process is listed in Appendix C. 
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TABLE A-1. Least Square Fitting of GC Calibration Data for H,S 


X STANDS FOR AREA RATIO OF H2S TO N2 
Y STANDS FOR MOLE RATIO OF H2S TO N2 (X10) 


THE COFFICIENTS OF THE POLYNOMIAL ARES 


Al= 0.24807 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED 
bel Ot 0.282 ; 0.284 
1.676 0.400 0.402 
IPSS ayy 0.470 0.471 
2-260 0.558 0.547 
2-/70 0.668 0.674 

VARIANCE = 0.000036 


STANDARD DEVIATION V- 0.006025 


MAXIMUM PCT ERROR == 1.818433 


PCT ERROR 
0.477 
0.993 
0.116 
1.818 
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TABLE A-2. Least Square Fitting of GC Calibration Data for SO, 


X STANDS FOR DISK INTEGRATOR AREA RATIO OF SO2 TO N2 
Y STANDS FOR MOLAR RATIO OF SO2 TO N2 (X10) 


THE COFFICIENTS OF THE POLYNOMIAL ARES 
AO= 0.00959 


Al= 0.22709 


REGENERATED DATA 


X MEASURED Y OBSERVED ¥ CALCULATED PCT ERROR 


0.573 0.142 0.139 rary le 
0.812 0.191 0.193 1.358 
1.635 0.384 0.380 0.961 
2.449 0.559 0.565 dee 
2-500 0.579 Os 5507 0.303 
Borat 0.848 0.858 ‘1.738 
4.084 0.947 0.937 1.079 
VARIANCE = 0.000045 


STANDARD DEVIATION V 0.006729 


MAXIMUM PCT FRROR = 22111648 
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Figure A-3. GC Calibration Curve for S0,. 
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B. COMPUTER PROGRAMS FOR MODEL DISCRIMINATION 


The appendix contains the programs used in this thesis. 


The notation used in the following programs is described here. 


A 
AO 


IT 
Eg bal bg Br 
LAM 


Dispersion matrix x°x 

Prior estimate of the dispersion matrix 

Least squares estimate of the parameters (vector) 
Variance-covariance matrix 

Determinant, normalizing matrix 

A function subprogram to set up the design matrix 
Errors vector 

A fun-tion subprogram to compute the model predictions 
Mesh size in the design of experiments 

Reference index for the competing models 

Expected likelihoods 

A parameter in Marquardt's algorithm 

Number of parameters in the given model 

Prior estimate of the parameters (vector) 

Number of data points 

Total number of competing models 

Independent variables 

Negative of the expected entropy change 


Minimum sum of errors squared 
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A function subprogram to specify the prior parameter 
distribution for the given model 

Error variance 

Vector of observations 


Expected value of the prediction from the entire methamodel 
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A SAHPLE OUTPUT USING THE PROGRAMS OF APPEHDIX 8. 
A DEHYDRATION MODEL MORSPECIF ICD NERE DY TEM 2. 
Lil*«2 
A SPECIFY THE PARAMETER PRIOR VARIANCE-COVARIAWCE 
A MATRIX AND THE STARLING VALUE FOR LH PARAMETERS . 
AO~+ 3) 7360 
HS oy, Sore a 
A MARQURDI'S 61963.) ALDGORTITUN LS USED RO COuUPUTE THE 
a LEAST SQUARE ESTIMATE OF PARAMETERS AND VARIAICE- 
A COVARIANCE -HATRIX .IS COMPUTED AS DESCRIBED I 
A CHAPTER TWO. PROGRAM '‘IIST' IS USED TO OBTAIN 
A LHE MODEL LIKELIHOOD.CALL ‘4GT' TO PERFORM TIE 
A ABOVE CALCULATIONS. A’ SAMPLE OUTPUT IS: 
MGT 
fess i 2325 -°0,01163917306 0.13954432714 PARAMETER VALUES AT 
OS405.36293 . OF01T0014N 86825 210, VE8E224763 VL OUS SA) Ve Nats OiGe 


Mere 230975596 0.008185821263 0.2382591273 OF HMARQUARDT'S ALG- 
meen 9688775 LOLOO787SLTS3225 4 OF2560227165 OR LPH. 
Pee sk72973 0.007855672149 .0.2574704119 


RAMETERS © 0.09543515955 0.007855869105 0.2574720037 
ment LYS: 0.007987637281 0.001980287403 0.04B27574289 


PVTAUCE «ty! 1256u0078E 5 STD DEV: 0.00642311457 
1i2?-COVAR: S 

ms950568 mace $1 2.857511393F 6 9,.1306706332 5 
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A PROGRAM Gale 
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PROGRAM ‘yspt 


LUIS PROGRAM COMPUTES THE EXPECTED LIKELI- 
HOODS FROM THE SUFFICIEN? STATISTICS OF THE 


DATA WHEN IMPROPER UNIFORM PRIORS ARE USED. 


VASITUIV 
V HSL3M3N 
4+ oB 
N+oX0 31) 
Le ( (2x VAR) (-NV42))x (0.5% (ift2)) x (e(-SSE(2xVAR))) 


PROGHAI = "USS" 
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APR <(AO+¢. */10 )+2xAt. Xi 
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PROGRAM = 'yGr" oe 


THIS PROGRA! IS BASED ON MARQUARD?T'S (128) 


ALGORITHM FOR PARAMETER ES TIHATION FROM A 
NON-LINEAR MODEL. 


VW4GTCOIV 


VY MGT 


LAN+0,.04 

IT+0 

le(iyif)o, = 144 

Vie JEPSEN ae) 

PHI<+FUCN Lif 

XeDSUi4 GLH 
G+(QX)+.x(Y-PHI) 
SS+(Q(Y°PHI))+.*x(Y-PHI) 
A+((QX)+.xX)+A0 

AA+A 

iia 

IL<0 
LAS: IL<IL+1 

OD TinibIeALID yILIJ* 0.5 
*LASX\IL<M 

A+D+,.xA+.xD 

Di<(D+, en ylATEAT Oe, xD)+.xG 
D2<+(D+.x(INV(A+(LAMFEHU)xI))+.*xD)+.x*G 
Bi<B+|Di ) 

B2<B+D2 

BB<+3B 

B+B1 

PHI1V<PUCN LM 


B+B2 

PHI2<FUCN Li 

IT<I7+i1 
Si<(Q(Y-PHI1))+.*x(Y-PHUI1) 
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B+B1 
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+TWOx151>S8S 
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XoeN SN Lif 
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aactpereae 
aia: + 


C41) A+((QX)+.%X)+A0 

C42) C+VARx(INV A) 

C43) -+FIVE 

C44] FOUR: B<BB 

C45) VAR<SS+N 

C46) C+VARx(INV AA) 

C47) FIVE:'PARAHMETERS ; Lm 6: 
C48] "VARIANCE : '3:VAR 
C49) 'VAR-COVAR: ';C 


A PROGRAM = '‘EXPD1' 

A "EXPD1' COMPUTES THE EXPECTED CHANGE IN 
A ENTROPY FOR A HYPOTHETICAL EXPERIMENT. 

VEXPDiICNIV 
V EXPDT SH Ni IT 3s T NH 

feta N<1 

2.) VAR V+YHV<2p0 

eh I+0 

Paley NM+2 

tes INXe2, 5 

6 VAR<10*% 3 

7 3 PA+PW+2 
C(8}] LAB: I<«I+1 
(9) +LATX i PW>h0 


C10) -+ZLASx1PA>50- 

Ss Rae G28 IT+0 

(129) LAC: iT<«iIf+i 

L239 <AO<+SETUP I7 

Caro SS yuV LEP I<B FUCH LF 

[15] PHI<YHVCIT) 

CLGA XR DSN. Ler 

C17) VARVECILI<X+.x(INV(A0) )+.*%(QXK)xXVAR 
C18) +LACKi:IT<Ni 
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A PROGRAM  ‘“FUCH' 
P THIS PROGRAM STORES THE FUNCTIONAL FORUS 
y FOR THE VARIOUS DiHYDRATION MODELS. 
yFuCcHLOIY 


PHI<B FUCN Li4;LM;B 

+TWOx iLi=2 

+THRE x ALM=3 
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a PROGRAM open them 

A Dowd COMPUTES THE DESIGN HATRIX & FOR 
A VARIOUS DEHYDRATION HODELS. 
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A PROGRAM =" DSnit' 
A "DSNM" COMPUTES THE DESIGN MATRIX FOR THE 
A VDELHXLDROGENATION iODELING. 
VPSHMLOIV 
V A*TB DSN LUSLMsB Did 
E ad Ase wih es tall oy 
(e75) ?u'WOX (Lis 2 rae 
f a 5] *V Rix baud 3 
C4 J +POUR*x iLI=4 
f 5x] -PIVE x Life 5 
tes +o kX Use 6 
Ja! SU bVinixalWts7 
Bog OWE X43 LI<PHT +B 1) 
[9] Dilite(PH2*0.5)+ (BL 2)]xPA)+(BL3)*PH2 ) 
ii Od Xl 32 J<-PHIKPA+DNi 
C deded Kl 33J<-PUIxPHY2¢+DNM 
[ 4d es +T EN 
Ciagde2WO:X0 31 )J<PuT+B01) : 
£44) «€L32)<-PUIx(CPN2*0.5)4+(014+B02IJxPH2*0.5) 
Ot at5id Al 3;3)<-PHIx(PAt+PH2*0.5)#(1+BL3)]xPA+PH2*0.5) 
roe) TF i) 
Cwm ieee of 1S Pud tp hid 
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E20), fF 
[2a 2. FOUR SX(e1dePHTe Bhs 1 . 
(22) DN1+(PU2*0.5)+(BL2)]«PA)+(BL3IxPI2) 
[202708 X40 32 Je-PHIXPA FD 
mete a lem riI xP 2 tDi.4 
[2] >2TN . 
[26] FIVE: Xf 31J<PrPI+tB(1) 
(27) Dill<1+(BE2)+PU2%*0.5)+(BL3)]xPAtPH2*0.5)+(BL4¥JxvaA ) 
[238] AC 324)*4-PHIx(¢PU2*0.5)4Did 
C29) «LC ;3)*«-PNUIx«(PAtPH2%0.5)¢Dii4 
P30] AL 34 J<e-PiUIxXPAtDIN 
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poe) OIXeX0 s1)<Prvr+Bl 1) 
f30u Oii1~e((14+BL 2] xPAtPA2%0.5)* (1430 3]*xPH2*0.5))+ (BLY IxXPAEPN2*%0.5) 
P34 J AL 2 Je-2PNIx (PA FPH2%0.5)*%(1+B03)xPH2*0,5)#DiNE 
(35) 0eY0 23 )<-PHIx(PH2*0.5)*% (14302 ]xPAtPU2*0.5 ivi! 
[36] xl su J<-PHIK(PASPH2*0.5)sDiIM 
BOF) oP PH 
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C. CALIBRATION OF LIQUID SYRINGE FEEDER 


ce i ee eee ee 


The syringe feeder used for introducing liquid through the 
sage syringe pump into the reaction system was calibrated by filling 
with distilled water at room temperature at 24°C. The distilled 
water was first de-aerated by repeated thawing and unthawing in a 
vacuum system. The amount of water filled into the syringe was 
measured by weighing the water at 24°C. During calibration, the water 
ejected through the syringe needle was collected in a 25 ml pycnometer 
submerged in an ice-water bath to prevent the loss of water due to 
evaporation. The quantity of water collected in the pycnometer was 
measured by weighing. The duration of each calibration was one hour. 
Each piston speed was calibrated four times in such a way that the 
whole range of piston travel (about 12 cm) was covered. The repeata- 
bility of the results showed that the speed was reproducible within 
= 0.1% with respect to the position of the syringe position. The 
average values of the four runs for each speed is used to obtain 
calibration curves. For the speed range of 1/1000X, six data points 
(average values) were collected and of 1/100X, five were obtained. 
These two sets of data were fitted by the least squares method and 
the results are shown in Tables C-1 and C-2 for each speed range. 

The computer programs, LEAST, of the least squares method are also 


listed. 
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TABLE C=-1le Least Square Fitting of Calibration Data for 


the Syringe Feeder at Low Speed Range 


=< 


~< 
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OF (171000X) ON THE CONTROL DIAL OF THE FEEDER 


xe 
it) 


FEED RATE= CC PER HOUR AT 24 CEGe 


THE COEFFICIENTS OF THE POLYNOMIAL) Y=AO+AL#X+AZ¥X#H2 5 


AO = -02«00690 

Al = 0205274 

A2 = -0 200000 

REGENERATED DATA 
X MEASURED Y OBSERVED Y CALCULATED PGP GRROR 
1060000 Oe5211 005197 002554 
20-CO000 1.0433 160449 061564 
3020000 125666 165685 001264 
~ 4020000 220935 200907 Oo le29 
6020000 321300 321304 060120 
8020000 461640 4e164) 020029 
VARIANCE = 0.000003 


STANDARD DEVIATION = 02001803 


02255461 


MAXIMUM PCT ERROR 
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TABLE C-2- Least Square Fitting of Calibration Data for 


the Syringe Feeder at High Speed Range 


X= OF Swi LOOX) ONDER GONT ROU DIAG JOF Timer ee DER 


Sear CE OMRAIERNGG PER HOUR 4T 24 DEG. 


~ 
. 


Dae COEPFPICEENTS OF WHE POLYNOMIAL @"Y = AO: + ghd * pix 


AO =  =0.02847 
Al = 0652202 
REGENERATED DATA 
X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
10.000 Mae pete le Se84 00561 
202000 100439 100402 0+360 
30.000 15575 150622 00304 
404000 200765 20.842 0.372 
60000 BT) aes 00184 
VARIANCE = 0.003467 


STANDARD DEVIATION = 02058884 


06561762 


MAXIMUM PCT ERROR 
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C MAINLINE LEAST 
MAINLINE LEAST 


HHH HHH HHH HH HH EHH HHH HH HHH HHH HHH HH HH HH HHH H 


* % 
* MAINLINE LEAST * 
hal * 
* THIS PROGRAM WAS WRITTEN FOR FITTING A MAXIMUM OF * 
* 50 DATA POINTS TO POWER SERIES TYPE POLYNOMIALS OF ¥* 
* ANY ORDER UP TO A MAXIMUM OF FOURTH DEGREEs * 
* INPUT DATA + 
* NCASE = NUMBER’ OF SETS OF DATA * 
% NGCEY NpmerUMBER OF COPIES OF OUTPUT DESIRED * 
% N - NUMBER OF DATA POINTS * 
* M (DECREE OF sPOLYNOMEAE * 
* NTL ~ NUMBER OR *GARDS FOR TITLE * 
* NPAGE = PAGE NUMBER OF OUTPUT % 
* NPLT - DATA REGENERATION FLAG % 
* ee e0D@REGENERATE GIVEN DATA ONLY * 
* eeel@REGENERATE GIVEN DATA PLUS 20 * 
% INTERMEDIATE POINTS * 
* DES(K) = ALPHANUMERIC DESCRIPTION OF THE TITLE * 
% XNAME = ALPHANUMERIC DESCRIPTION OFX * 
* YNAME = ALPHANUMERIC DESCRIPTION OF Y % 
* X(1) - INDEPENDENT VARIABLE ; * 
* YG) =~" DEPENDENT VARIABLE * 
# * 
HH HE HEHE HEHE HEHE HEHE HEHE SE HE HE HEHEHE HEHE HE HEHE EH IE HE HEHE FEE ESE HEHE HE FE HE IEE HE HE HE EE HH HH HEE 


DIMENSION X(50)9Y(50) sA(5095) 9P (20920) 8V(20) 92(20) 5 
1DES(10915) »SNAM(5) »XNAME (100) »YNAME( 100) 
DATA SNAM/'AO =o 'Al =tstA2 ='5!AZ stot Ag =! / 
READ(591) NCASE »NCOPY 

DO 9 NC=leNCASE 

READ(591) NoMeaNTL»NPAGE »NPLT 

FORMAT(515) 

DO 11 NT=leNTL 

READ(5012) (DES(NTsK) 9K=1915) 
FORMAT(15A4) 

READ (5920) (XNAME(I) 91=1915) 

FORMAT (15A4) 

READ (5921) (YNAME(JU) sv=1l915) 

FORMAT (15A4) 

FORMAT (10X915A4/) 

MM=M+] 

DO 2 I=leN 

READ(593) X(I)9YCT) 

FORMAT (2F10e5) 

DO 4 T=loeN 

DO 4 J=lsMM 

A(lTeJ)BX( 1) **(J=2) 
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< MAINLINE LEAST eee (CONT'D) 


DO 5 T=l»sMM 
DO 5 y=l>9MM 
P(Tsu)=06 
DO 5 KeloeN 
5 PlITsJIEP (Tsu) +All Kol) #A( Kou) 
DO 6 T=l»MM 
V(CIl)=06 
DO 6 JeloeN 
BV CPE VIP EY CS ar leer) 
CALL GAUSS(P9V9MMo9Z) 
DO 16 ICOP=2lsNCOPY 
WRITE (6910) NPAGE a 
10 FORMAT('1l's///968Xs'A='e128/) 
OO VIALS Yan 
17 WRITE (6913) (DES( 19K) sK=1915) 
WRITE (6930) (XNAME(JT) 9 1T=1915) 
30 FORMAT (///912X915A4) 
WRITE (6931) (YNAME( J) »v=1015) 
31 FORMAT (12X915A4) 
WRITE (698) 
BS °FORMAT( 7/A/sPOXS*THE COEFFICIENTS OF THE POLYNOMIAL 
ls 'AREA'/) 
DO 15 T=1lsMM 
15 WRITE(697) -SNAM(1)9Z(1) 
7 FORMAT(15X9A4eF11.5/) 
16 CALL REGEN(X9Y9ZsMMoN) 
IF(NPLT) 999914 
14 CALL POLYT (X9Z9NoMM) 
9 CONTINUE 
CARI TEX f 
END 


4 


C-7 


288 


+ SAT NGAE MOE BAT 10! ay oanagog a 


ile patie 


a : 7: h 
at; en 


ee ou) vs 
Seatac is ae “ 


Miss ie 


| aa ry 1 : bs 

gi 7 1% 
he vant ’ iinet? 
te ho) 2k STAD Res 
(ar teG 
‘fated Sida f 


® 


a bakeEe 


evan | Taga 
we ie Beet (hm ‘ 
ase oe 
a: £4eaAnKOLITA 
dutnind ert Vereeee (148 
“wen Sexi f 
soa arees Benge 
tal Paes 


oc Be 


ees F 
kate a 4 


MS La AMAT 
[teteceu rey zea ties) : TR | * 


oT 
tI) 
bec 


ao) 


OVO OY OGY GY GY Ga) 


i 


mw & W 


ie) 


C SUBROUTINE POLYT 
SUBROUTINE sPrOiLeysT 


HHH HH HHH HHH HHH HHH HEH KKH KH MHHEKKKKKHKHH KKH 


SUBROUTINE POLYT 


MEDIATE TO THE GIVEN DATAs 


Kw Kk Ke Kk Kk 


% 
% 
% 
* POLYT SUPPLIES REGENERATED DATA AT POINTS INTER= 
% 
% 
# 


KEKE HUGEMN UEHARA HK HEH RH HHH HH KH HHH HHH HHKKEKHHHHHHHHHRHHKE 


SUBROUTINE POLYT(XsZ9NsMM) 
DIMENST ONG XS 508s 2 209 
WRITE (651) 
RORMATH S77 *32X9'PLOT TEST DATA'//25X*K CALCULATED * 54x 
TectY¥w CALCULATED! 79 
XMAX=0 6 

XMINZ99999 © 

DO 2 I=l»sN 

ITF (XMAX@X(1)) 39394 
XMAX=X(1) 

WA CXC Jade XMIN) S592 
XMIN=X (1) 

CONTINGE 
DELX=(XMAX=XMIN)/206 
XY=XMIN 

DO 6 1=1920 

CAL=06 

DO15 y=leMM 
CALECAL4+Z (UY) *XY#*# (U1) 
WRITE(697) XYsCAL 
FORMAT (24X92(F100¢395xX) ) 
XY=XY+DELX 

RETURN 

END 
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C SUBROUTINE REGEN 
SUBROUTINE REGEN 


HHH HHH HH HH HH HH HHH SEH HHT HH HHH HEHEHE HHH HHH HH 


% + 
* SUBROUTINE REGEN % 
* % 
* THIS SUBROUTINE REGENERATES THE GIVEN DATA AND # 
% CALCULATES THE VARIANCE AND STANDARD DEVIATION OF ¥# 
* THE FITe * 
+ + 
+ * 


Fe Fe FE HE SE IE HE HE FE SSE HE TE HE IE GE FE SE HEHE HEH TE HEHE HHH HHH HHH HH HK 


SUBROUTINE REGEN(X9Y9ZsMMoN) 

DIMENSION X(50)9¥(50)9Z(20) ~ 

WRITE(691). 

FORMAT (///329X9'REGENERATED DATA!//10X9'X MEASURED! 95X 
leo'Y OBSERVED! »5xXs!'!¥ CALCULATED! »3Xs'PCT ERROR'»9/) 
VAR=0e : : 
HIl=006 

OOs 2 ies N 

CAL=0. 

DO 3 J=l MM 

ne CR 2 (ex 1) ee Ce] 

CATHABS(Y(I)—@CAL) 

PCESCAT/Y(1)*1006 

VAREVAR+CAT ¥¥*2 

IF (HI@=PCE)494582 

HI=PCE 

WRITE(695) X( 1) oY(1) s9CALoPCE 

FORMAT ( 9X94(F10-395X)/) 

VAREVAR/(N@=1) 

CEV=VAR**005 

WRITE(696) VARsDEVsH]I 


FORMAT(//910X'VARIANCE ='"oF10e6//10X» 
1'STANDARD DEVIATION =! sF1l0e6//10X» 
2'MAXIMUM PCT ERROR #=!59F10e6) 

RETURN 


END 
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C SUBROUTINE GAUSS 
SUBROUTINE GAUSS 


HHH HHH HH HH HHH HOH HE SE HH HE HEH HE HE IE HE SE FE SE FE SE IE SE FE SEE HE IE IE IE HEHE SE SE FE GE 9G TE aE HEE 2K 
3 


SUBROUTINE GAUSS 


* 
* % 
+ * 
* THE FUNCTION OF THIS SUBROUTINE IS TO SOLVE THE % 
* SET OF EQUATIONS A*X=B USING GAUSSIAN ELIMINATION * 
# AND BACK SUBSTITUTION ROTATING ABOUT THE ELEMENT  ¥# 
* OF MAXIMUM MODULUS. # 
# * 
* * 


HHH HH HE HEH HE HSE HH It FE FE Fe TE BEE HE FE HE HEH HE FE He HE HE IE SE FE ae HIE HE FE SE BE IE HE SE AE Fe HE aE ot EE HE HK 


SUBROUTINE GAUSS (AsRoNoX) 
DIMENSION A(20920) »R(20) 9X(20) 
MeN=] 

OO. 17 J1.5M 

S=06 

DO 12 I=uU9N 

U= ABS(A( 19) ) 

LeVUSS i i2 edie vil 2 

S=U 

L=] 

CONTINUE 

TF(teo) Ligsl9sils 

DO 14 IT=uUeN 

SeA(Lol) 

A(LoI)=A(Js97]) 

AldJsT)=8S 

S=R(L) 

R(LIER(U) 

R(J)=S 

[Pe ASSIA (Vt o)Jelee—30) TiSsellsels 
WReETE 06:93.) 

GO 710 500 

MMe ot] 

DO ll IT=MMoN 

IF( ASS(ACI9u))-1eE"30) Ilslllslil 
S=Al(UsJ)/SA(T 9¥) 

A(1lsJ)=0e0 

DO 16 K=MMosN 

All sK)SA(U9K)@S#A(T 9K) 
R(TI=R(G)HS#FRUT) 

CONTINUE 

DO 17 K=loeN 

I=Nt1l-K 

$=0.20 

IF(J@aN) 1179179117 

MM=T 41 

DO 18 Y=MMoN 
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D.. INFRARED SPECTROSCOPIC CALIBRATION OF SO. 


a 


The infrared cell which was used for infrared spectroscopic 
calibration of SOQ. is shown in Figure 4-1. The length of this 
infrared cell was the same as that of the infrared-cell-reactor 
mentioned in Section 5.1.3. The whole apparatus set up for the cali- 
bration is indicated in Figure D-1. It is essentially a vacuum rack 
equipped with SO. gas reservoir, manometer, Pirani vacuum gauge and 
facilities to allow introduction and evacuation of gases from the 
infrared cell. 

Before a calibration was started, the whole vacuum rack and 
the infrared cell were thoroughly evacuated. When the Pirani gauge 
indicated a pressure lower than 10 5 mm Hg, the stopcock used to 
isolate the system from the cold trap and vacuum pump was closed. 
Next, the stopcock on the SOQ. gas reservoir was slowly opened, thus 
introducing the gas into the system. The reading indicated by the 
manometer was closely watched while introducing the SO, gas. The 
stopcock on the SO, gas had been introduced. The system was allowed 
to sit for 3 h before the exact pressure reading was taken. The 
duration of 3 h was considered sufficient because it was found that 
an equilibrium pressure could be reached in 2 h. A cathetometer was 
employed to measure the mercury levels in the manometer and the 
observed pressure recorded. The temperature in the infrared cell was 
maintained at 200°C during the whole process of the introduction of 
SO» gas. 

The infrared cell containing a desired pressure of SO, was 


removed from the vacuum rack to the Perkin-Elmer 621 infrared 
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D-3 
spectrophotometer. With air in the reference beam, the infrared cell 
was placed in the sample beam of the infrared spectrophotometer. An 
infrared absorbance chart paper was placed on the recording drum and 
then the frequency of the infrared spectrophotometer was set at 
4000 cm 1. Depending on the transparency of the infrared cel] windows, 
the absorbance indicated on the recorder at this instance could be 
from 0.01 to 0.07. The desired starting absorbance (i.e. at 4000 cm /) 
could be changed by adjusting the attenuator opening on reference beam 
Side of the infrared spectrophotometer. Before a scan was started, the 
selection knob was set at "PROGRAM", suppression knob at 4.8 and 
amplifier gain 6.0. The scanning speed was set at 1/32. A complete 
scan from 4000 cm? to 200 cm! was carried out. During the entire 
scan, the temperature in the infrared cell was kept at 200°C. 

After a complete scan, the magnitudes (in terms of absorbance) 
of all the infrared bands recorded were measured. Two more complete 
scans using different starting absorbances at 4000 cm } were then 
performed and the magnitudes of the three spectra were calculated. 
Figure D-2 to D-9 indicate the plots of the magnitudes of the various 
infrared spectra recorded ys. the corresponding known SQ, pressures 
in the infrared cell. The least square fitted results for these data 


are shown in Tables D-2 to D-9. 
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TABLE D-1. Least Square Fitting of IR Calibration of SO 


=] 2 
at 1369 cm 


X STANDS FOR RECORDER MEASURED PEAK HEIGHT (ABSORBANCE) 
PeoteiDS FOR MEASURED PRESSURE (CM (HG) 


Pes cUrRICLENTS OF THE POLYNOMIAL ARES 


AQ= OeVZ2s> 


Aj= Weve eo )e) 


REGENERATFEN DATA 


X MEASURED | MDB SERVED Y CALCULATED PCT ERROR 
0.054 Qe 0.125 1.295 
Ger 20 Ga2ee Onze O.222 
Gee 1l 0.431 0.423 1.975 
0.369 Coan: 04724 0.924 
0.638 1.230 Vee 0.291 
1.082 2.081 2.078 Cell 

VARIANCE = 0.000028 


STANDARD DEVIATION V 0.005291 


MAXIMUM PCT ERROR = 14975665 
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Figure D-2. IR Calibration Curve for SO, at 1369 cm 
using Beer's Law. 


(ag) 
D-5 


A aor is 
; vA oa 
. 0) ie _ 


Pie ; | | ul ie iat 


Cel 


yeti Ay Ae N ‘i 
Sy ERR Se 


1a i 
~— y hie 


a 


ae ea 
_ _ or. . 


--= 


—_ 
—_ 
=) 


g 
Bh 
i 


By 
: : 

- — a 
e. 5 - 


- 
n 


ame” 


= . 
2 aa, ys 
7 ¥ 


i Se 


et _ 


| 0% Sv ‘ie ‘ge 7 on 


; / Ms ft; i. P ¥ 


298 


TABLE D-2. Least Square Fitting of IR Calibration of SO 


Sy) (2 
at 1357.8 cm 


PeSVANDS FDR MEASURED PEAK HETGHT FROM RECORDER A ABSORIBANCE ) 
Y STANDS FOR MEASURED) “SO2 PRESSURE (CM HG) 


fieesOre PCIENTS OF THE POLYNOMIAL ARES 


AQ= 0.00361 


Pee) e A170 324 


REGENERATED DATA 


X MEASURED Y OBSERVED ¥ CAWCULATED PCT ERROR 
0.069 ees Ovi? 1.407 
0.147 0.252 0.253 0.708 
Ouone 0.431 0.426 1.316 
0.425 0.718 Og on We eal 
O4718 ieee | Lueee ae ie 

VARIANCE = 0.000035 


STANDARN DEVIATION V 0.005987 


MAXIMUM PCT ERROR = 14407143 
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Figure D-3. 
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IR Calibration Curve for SO, at 
1357.8 cm™' using Beer's Lan. 
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TABLE D-3. Least Square Fitting of IR Calibration of SO 


a] 2 
at 1339 cm 


Meo teNOS FOR MEASURED PEAK HEIGHT FROM RECORDER ABSORBANCE ) 
Vass ANDS FOR MEASURED) SO2 PRESSURE (CM HG) 


PiemeerriChENTS' OF THE POLYNOMIAL ARES 
AQ= O06 OO S02 


Al= Zea8502 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
0.050 0.123 OadiZ4 0.497 
Ge i1'O 1 O525e 0.248 1.641 
0-. 180 0.431 0.434 0.609 
0.390 0.718 0.726 0.352 
0.513 1.230 .229 0.133 
VARIANCE. = 0.000008 


STMNDERD DEVIATION V. °0.002896 


MAXIMUM PCT ERROR = 14641148 
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Figure D-4, IR Calibration Curve for SO, at 1339 cm 


using Beer's Law. 
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TABLE D-4. Least Square Fitting of IR Calibration of SO 


at 2500 cm! 


X STANDS FOR RECORDER MEASURED PEAK HEIGHT (ABSARBANCE) 
YSTANDS FOR MEASURED) PRESSURE (CM HG) 


PieegOrrrClheENTS VOF: THE POLYNOMIAL ARES 


AQ= 0.18446 


Al= Fee ions Mirae) 


REGENERATED DATA 


Me S GER D Y CBSERVED Y CALCUEATEN PGW SERROK 
On 035 ae 050 aor S Oe 981 
0.047 36 O99 3-648 . 0.294 
0.968 De eet Sela) On Oo> 
0-093 6.958 1VOR6 1.154 
Oei gi 9.040 eee BOs 0.683 
O65 12.914 a ae) 2 0.412 
0.2249 Li. 235 lw. OGn (ai OW, 
0.346 Z Dies 00) Me erase) 0.053 
0.446 ise Oia 33 8053 0.098 

VARIANCE =. ODO. 


STANDARD DEVIATION.V 0.075401 


MAXIMUM PCT ERROR = 14154195 
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Figure D-5. IR Calibration Curve for SO, at 2500 cm”! 
using Beer's Law. 
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TABLE D-5. Least Square Fitting of IR Calibration of SO 


Bh Zz 
at 2506 cm 


X STANDS FOR RECORDER MEASURED PEAK HEIGHT (ARSORBANCE) 
y STANDS FOR MEASURED PRESSURE (CM HG }= 


fae eCorrlClENTS OF THE POLYNOMIAL ARES 


A0D= 0.14848 


Al= ees OE | 


REGENERATED NDATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
0.106 6.958 6.914 0.627 
0.139 9.040 pele. 0.856 
0.978 11.356 — ei A425 0.700 
0.195 12 5ue “125173 0.003 
Ona 17.233 17.332 0.578 
0.331 ragleen Ont 21.03% Oat 
0.401 25.670 25.576 0.366 

VARIANCE = 0.005719 


STANDARN DEVIATION Vo 0.075627 


MAXIMUM PCT ERROR = 0.856977 
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Figure D-6. IR Calibration Curve for $0. at 2506 cm”! 


using Beer's Law. 
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TABLE D-6. Least Square Fitting of IR Calibration of SO 


at 2485 cm 


X STANDS FOR RECORDER MEASURED PEAK HEIGHT 


] 


Y STANDS FOR MEASURED PRESSURE (CM HG) 


THE COFFICIENTS OF THE POLYNOMIAL ARES 


A0= 07.0596) 


Al= 91. 56909 


A OOMEA SURED ¥ 


0.928 


02.940 


0.057 


0.075 


Os O98 


0.136 


O..159 


0.186 


0.279 


Owsod 


VARIANCE = 


REGENERATED DATA 


OBSERVED 
2-650 
32659 
Deitet 
6-958 
9.040 

PZ os 
14.579 
Liv.233 
25-670 


33.021 


0.0048 89 


STANDARD NEVIATION V 0.069926 


MAXIMUM PCT ERROR 


Se lels2220 


Y CALCULATED 
26623 
Are 
5.288 
6027 

92042 
12.513 
(47619 
17.091 
25.607 


337s. 11,6 


(ABSORBANCE) 


PCT 


2 


ERROR 
0.997 
1.732 
1.171 
0.441 
0.028 
0.007 
0.275 
0.821 
0.243 


0.287 
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IR Calibration Curve for SO, at 


-| 


2485 cm. _using Beer's Law. 
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TABLE D-7. Least Square Fitting of IR Calibration of SO, 
at 1162 cm’! 


X STANDS FOR RECORDER MEASURED PEAK HEIGHT (ABSORBANCE) 
Y STANDS FOR MEASURED PRESSURE (CM HG) 


mae C@GFFICIENTS OF THE POLYNOMIAL ARES 


AO= -0.06971 


Al= Die Oe O93 


REGENERATED DATA 


x MEASURED ¥ “OBSERVED YX CALC ULATED PCT ERROR 
O07 5 162351 e205 > 22014 
02124 22081 rai is) 1.680 
0.154 22650 2-644 0.197 
0.214 B05 3-702 1.184 
O95 5.227 52130 Teo DS 
0.398 62958 62945 O.l77 
O.p17 9.040 96045 OLE ins. 
0.712 12.514 12.480 0.768 
0.984 Liecs5 irene ae 0.242 

VARIANCE =! 0.002021 


STANDARD DEVIATION V 0.044963 


MAXIMUM PCT ERROR = 22014337 
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Figure D-8. 
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IR Calibration Curve for S0, at 1162 cm 


using Beer's Law. 
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TABLE D-8. Least Square Fitting of IR Calibration of S0, 
at 1132 cm! 


X STANDS FOR RECORDER MEASURED PEAK HEIGHT (ABSORBANCE) 
Y STANDS FOR MEASURED PRESSURE (CM HG) 


THE COFFICIENTS OF THE POLYNOMIAL ARES 


AQ= =-0.03229 


Al= 19453224 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
0.965 Lie 5 1.241 0.828 
0.109 2.081 2-096 : Seeks: 
Ort 39 22650 2-682 i233 
0.189 . 3-659 3-659 0.008 
0.266 5.227 5-163 1.219 
02357 6.958 6-940 0.248 
0.463 9.040 9.011 so 19 
0.586 P1li<3 56 11.413 ; 0.507 
0.642 12.514 12.507 0.052 

VARIANCE = 0.001246 


STANDARN DEVIATION V 0.035307 


MAXIMUM PCT ERROR = 1.233335 
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Figure D-9. IR Calibration Curve for SO, at? dl se cm! 
using Beer's Law. 


; ith ~ 
_T, it i e 
. ie Haig 
m4 ae WLU 
j vio 
f q 
ri Gs pia 


» 
av 


in _ ie 


iN | 


.cGN 


yA arvor a4. a 
pa : a 2 Mai 


Pst thy syeroe FE ae | 


Cs i 


be cota a fF 7 De 


312 
E-1 


E. CALIBRATION OF ‘SULFUR FEED SYSTEM 

It was not practical to use the syringe mentioned in 
Appendix C for introducing sulfur into the feed system of the 
reactor. The reasons are two fold. First it is difficult to heat and 
operate the syringe at temperatures above the sulfur dew point. Second, 
it would be almost impossible to separate the piston from the 
cylinder if the syringe containing sulfur is allowed to cool to 
room temperature. Moreover, introducing sulfur into the syringe and 
accurate recording of sulfur fed would be quite complicated. As a 
result, other means of introducing sulfur into the feed system of 
the reactor was necessary. 

In the present work, a method that involyed the bubbling 
of an inert carrier gas (N,) into a reseryoir of molten sulfur and 
hence carrying the sulfur vapor into the feed system of the reactor 
was employed. By maintaining the molten sulfur reservoir at 
different temperatures, various amounts of sulfur could be introduced. 

A schematic sketch of the apparatus used for such service 
together with its calibration equipment is shown in Figure E-1. All 
material of fabrication except that of the flasks and burette were 
of 316 stainless steel. Al] lines before the cold traps as well as 
the sulfur reservoir were wound with nichrome heating wire. The 
distance from the tip of the tube below yalve A to the molten sulfur 
level was kept constant. Cold trap A was used before calibration 
started and cold trap B was employed to trap sulfur during calibration. 
The sulfur reservoir temperature was measured by a thermocouple. The 


soap bubble meter was used to measure the flow rate of inert gas. 
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Before a calibration started, cold trap B was dried and 
weighed and the ice bath was empty. To start a calibration, the 
apparatus was set up as shown in Figure E-1. Valye A was closed while 
valve B was opened to allow inert gas to by-pass the sulfur reservoir. 
The inert gas was allowed to purge trap B thoroughly free of he and 
air. While doing so, the inert gas flow rate was adjusted to 40 ml/min. 
After 1 h of purging, the two valves on trap B were closed while those 
on trap A were opened, thus diverting the inert gas flow. The power 
supply to the sulfur reservoir and all nichrome wires were turned on. 
When the sulfur reservoir temperature reached 200°C, valve B was 
closed while valve A was opened to allow inert gas to bubble into 
molten sulfur and then into cold trap A. This bubbling was continued 
for 1/2 h and then if the inert gas flow rate remained unchanged, the 
gases exit from the sulfur reservoir was diverted from cold trap A to 
cold trap B. As soon as the valves on cold trap B were opened, time 
count was started. One hour later, the flow was diverted from cold 
trap B back to A again. The cold trap B containing sulfur was removed 
and weighed and the increase in weight represented the amount of 
sulfur trapped. 

Similar runs were repeated at various sulfur reservoir 
temperatures (250°C, 300°C and 350°C). The calibrated results are 
summarized in Table E-1 and plotted in Figure E-2. Since only one 
flow rate of inert gas was employed in the whole calibration process, 
the same 40 ml/min inert gas flow through the sulfur reservoir also 
used for feeding sulfur into the system during the experimental runs 


of the present work. 
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Figure E-2. Calibration Curve for Sulfur Feed System. 
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Table E-1 


Calibrated Results for Sulfur Feed System 


SE SUSU UREA ES ROE MORSE ee eal 


Temperature Amount of Sulfur 
(2G) Accumulated (gm/hr) 
200 0.9121 
250°C } .5430 
300°C 3.0157 


S505 9.8437 
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F. MASS TRANSFER LIMITATIONS 


eel Film Diffusion 
The theoretical calculation for examining film-diffusion - 
limitation is shown below: 
Lf N. = KoP. is much larger than the reaction rate 
then film-diffusion is not the limitation 


where Ke can be calculated by 


Cee) 
jp can be found from the plot of j, versus Np, [125] 


The kinetic run T6CC5 was chosen for examination of film- 


diffusion limitation because it has high Hos! PHS value and low Pi S 


(2 


value and the numbers used for such calculation are shown in Table F-1. 


Table F-] 
Results for Theoretical Estimation of Mass 


Transfer Coefficient 


dy (cm) - particle diameter 2.54 
G, (g-mol/s cm?) 0.0067 
Nre - Reynolds number 183.2 
Noo - Schmidt number 424 
Jp Oy IS i: 
P (atm) - total pressure 10 

p (mm Hg) 10.07 


HS 
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Using the data in Table F-1 and equation (F.1), the value of Ka was 
calculated to be 0.00082 g-mol/s cm? atm. This value is rather high 
for the type of system under investigation. A more realistic value 
should be about half i.e. 0.0004 g-mol/s cm atm. With this value, 
then, 


N. = KP = 0.0004 x 10.07/760 
6 Z 


5.8'x.10 “= g-mol/sicm 


The values of the reaction rate and the external surface area 


of the catalyst are 2.4648 x 10h. g-mol/g s_ and 10.22 cm@/g. 


Therefore, 
5 
| 2.4648 x 10 
rus! Ae 7 “iqrae— * (0-106 
= 0.25 x 107° gemol/s cmé 


where 0.1036 is the weight of the catalyst in gram. 


The above results show that the possible diffusion flux is about 21 
times as rapid as the flux required to sustain the surface reaction, 
and hence the kinetic run T6CC5 was probably not film-diffusion 
controlled. Since the reaction conditions of run T6CC5 had the highest 
chance of film-diffusion rate controlled, the problem of film-diffusion 


limitation could probably be theoretically ignored in the present work. 


F.2 Pore Diffusion 


F.2.1 Pore Diffusion Limitation in McGregor's Work 
McGregor [84] used the following Hudgin's criterion [59] to 
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investigate the significance of pore diffusion in his Study of the 


kinetics of Claus reaction 


ie vibe 
Hae oar » then pore diffusion is 
eff CC 
e insignificant. ES) 
] mtn- 1 
where icq) = (Pp) (ky )(Exp F)(RT,) (Pa) 
fe) ——_---——______———_- (F..3) 


(3600) (2") 


The data used and the results calculated by McGregor are summarized in 
the first column of Table F-2. McGregor omitted the porosity (6) and 
tortuosity (t) factors in his calculation of effective diffusivity Dose: 
According to Hudgin's criterion, the pore diffusion limitation was 
theoretically significant in his work. McGregor's calculations were 
repeated in the present work using the values of porosity and tortuosity 
factors of an Y-alumina catalyst [125] with pore radius of 96 A 
(closest to that used in the present work), but different results were 
obtained as exhibited in the second column of Table F-2. According to 
the results obtained here, the pore diffusion limitation should actually 
be theoretically insignificant in McGregor's work. However, without the 
true values of porosity and tortuosity factors for McGregor's catalyst, 
it would be difficult to conclude whether pore-diffusion limitation was 
significant in McGregor's work. An increase in the value of tortuosity 
and/or a decrease in the value of porosity can easily change the 


results listed in Table F-2. 
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TABLE F-2 


Results of McGregor's Theoretical Pore Diffusion 


Limitations Calculation 


McGregor’'s work This Work 


2 ; gd 84 
; g-catalyst/cm° 2.55 2.55 
; (g-mol HpS)(mm Hg)" 2.198 Ta128, 
| (h) (g-catalyst) . 
ia cm 0.0255 0.0255 
m 0.963 0.828" 
n 0.359 0.467 
Exp F | exp (-7589/ exp (-7440/ 
1.98x533) 1.98x533) 
R mn Hg) (cm? 82.057 x 760 82.057 x 760 
g-mol)(°K 
if K 533 533 
= #* 
r (Co) sec 92.0 44.86 
* 
Wir (Co) sec 0.011 0.0223 
Deed cm“/sec 0.032 0.031 
Le /Do eg SeC 0.203 0.0213 
K* 
0.812 
. 8 kx 
pe 0.850 


Where * represents the values calculated by using rate equation - 
developed from McGregor's rate data by Dalla Lana et al. [29] 
** represents values obtained from the alumina (pore radius 96A) 
in Table 1.9 [125] 
The value of DofFf in Table F-2 was calculated from equation (F.4) 
Dice = 9700r, (F.4) 


eff 
The pore diameter of 84A and molecular weight of 34 were 
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used for the above equation. 


F.2.2 Pore Diffusion Limitations in the Present Work 


After examining McGregor's work, kinetic data with the highest 
possibliity of pore diffusion rate-controlled in the present work 
were used to investigate the theoretical significance of pore 
diffusion. Two methods were used for such investigation. The first 
is according to Hudgin's criterion and is the same as that used by 
McGregor. The second is to examine whether concentration gradient 
existed within the alumina catalyst wafer by estimating the 
effectiveness factor; n (the ratio of the actual rate to the rate 
which would be observed in the absence of diffusion limitations), 


as reported by Satterfield [125] and used by Chuang [23]. 


F. 2.2.1 Pore Diffusion Limitation According Hudgin's Method 


The data and results of the three kinetic runs in this work 
to determining the theoretical pore diffusion limitation are 
summarized in Table F-3. According to Hudgin's criterion, pore 
diffusion was not significant in all three runs. The values of 
porosity and tortuosity used in Table F-3 are different from those 
in Table F-2. According to the list by Satterfield [125] the 
smallest porosity and largest tortuosity for catalysts with pore 
radius larger than 60 A are 0.52 and 3.8 respectively. Even with 
these values, the calculated WP (69) will still be larger than 
yo /0. avs Therefore accourding to Hudgin's criterion, pore 
diffusion limitation is theoretically insignificant in the three 


kinetic runs of this work. 
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TABLE F-3 


Results of Theoretical Pore Diffusion 


re 


Limitations Calculated by Hudgin's Method 


Run No. - 

d. 84 84 84 

oes 2155 2.25 2.27 
k Exp FI Acs atoms 3.62 x 10°" 4.86 x 107” 
ie 535 571 596 
i 0.00900 0.00876 0.00826 
m ] ] 1 
; 0.5 0.5 0.5 
R 82.057 x 760 82.057 x 760 82.057 x 760 
9 0.5 0.5 0.5 
Tn iil 1.4 1.4 
r (Co) 55.6 100.6 94 
aaa 0.018 0.0099 0.0106 
dues 0.0100 0.0104 0.0106 
iT ae 0.008 0.0078 0.0076 


F.2.2.2 Pore Diffusion Limitations by Estimation of Effectiveness 


Factor Method 

The detail description on the method of estimating effective- 
ness factor for the determination of theoretical pore diffusion limi- 
tations has been reported by Satterfield [125] and an example for such 
calculation has been given by Chuang [23]. Therefore these will not 


be repeated here. Briefly, the following parameter values are required: 
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the expression for Dy, @,, K and w are defined as 


effective diffusivity of reactant based on Knudson 


diffusion within the pores, cm2/sec 


pore radius, cm 


absolute temperature, °K 


molecular weight 


Thiele diffusion modulus squared 


the observed reaction rate, g-mole/sec. c.c. of 
catalyst 
ratio of the catalyst volume to outside surface 


area through which reactant has access, cm 


w = parameters used to evaluate n 


subscript for species other than reactant A 
stoichiometric coefficient 


concentration of the reactant, g-mole/c.c. 


using the data from kinetic run T6CC5, the calculation 


results are shown below: 
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eff =..9700.x 84 x 107° x ees : a = 0.01134 
2 2 
Lueted= c30 x 0.00826 (E34 + 2.54 x 0.00826) 
= 0.00413 


0.00413 (1.2363 x 107° 


0.0315 10.07 ) x 760 x 82.06 x 596 


=2F0:. 025 


Using the above results and from figure 4.3 and 4.4 in 
Satterfield, the effectiveness factor approaches unity even for the 
extremely high adsorption component @nd even the highest tortuosity 
and lowest porosity for catalysts with pore size larger than 60 A 
listed by Satterfield were used and this means that the pore 
diffusion limitation is theoretically insignificant. 

Accourding to the results obtained from the calculations by 
using Hudgin's and the effectiveness factor method, it could be 
assumed that pore-diffusion limitation was theoretically insignificant 
in this work because the runs chosen for the calculation had highest 


possibility of pore-diffusion rate-control led. 
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G, PUMP PERFORMANCE AND CHARACTERISTIC CHECK 


The performance and characteristic of the recirculation pump 
were evaluated by using a set-up shown in Figure G.1. The pump was 
tested under two modes; namely open flow mode and recycle flow mode. 
Under each mode, a stop watch was used to measure the time elapsed for 
a flow of 2 cubic feet through the dry test meter. The choice of 2 
cubic feet was arbitrary and was only based on convenience so that 
excessive time was not required for each measurement yet long enough 
to provide reasonable accuracy. The pressure difference across the 
recirculation pump was measured by mercury manometer. For the sake 
of simplicity throughout the test, only atmospheric air and not the 
gaseous mixture employed in the present research was used. The 
readings on the pump speed control dial were used to represent the 
peoirocatane speeds of the pump piston. No attempt was made to 
count the actual number of reciprocation per unit time for each dial 
setting. 

The performance data is tabulated in Table G-1 and the curves 
are depicted in Figure G-2. The flow rate under recycle flow mode was 
always lower than that under open flow mode. The pressure on the 
pump discharge was not varied since it was felt that the reactor 
recycle loop including the catalyst bed would offer less resistance 
to flow than the dry test meter used in this experiment. The pump was 
then allowed to run for more than 12 hours continuously and _ the 
performance test repeated. It was found that the repeatability was 


better than 98%. 
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suction | | 7 vent 


imanometer 


open flow mode 


recycle mode 


manometer 


Figure G-1. Apparatus for testing Pump Performance. 
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G-4 
Table G.1] 


Performance Data for Recirculation Pump 


Dial Open Flow Mode Recycle Flow Mode 
Reading Time Head __ Flow Rate . Time Head _ Flow Rate 
40 2-103 t.3 20) Sarde yao 1729 

50 2.109 eed 26.9 2.354 tee 24.1] 

60 1.645 (ge) 34.5 1.984 2.0 28.6 

70 1.38] 3.0 4).1 1.664 2.4 34.1 

80 bedi Seg 48.3 1.404 259 40.4 

90 T02z 5.1 Doe ls273 3.4 44.5 

95 Zoe 45.1] 
Atmospheric Pressure 702 millimeters of mercury 


Atmospheric Temperature 22.0 degrees Centigrade 
Time - number of minutes elapsed for the flow of two cubic feet 
of air through the dry test meter 
Head - static pressure difference across the recirculation pump 
in centimeters of mercury at the entrance of the dry test meter 


Flow Rate - standard litres per minute 
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H. SAMPLE DERIVATIONS OF RATE EQUATIONS 


H.1 Reaction Mechanism Involving Dissociation of Adsorbed 


H5S into Hydroxy] Groups 


(1) 2H,S + 2# — 
(2) SO, + # — 
(3) S0,.# + 2# — 


(4) HoS.# + 20.# Pai 
(5) HoS.# + ZHOs#. =e 
(6) 2H,0.# a 
(7. )2 235.4 une 


where notations are identical 


2H5S.# 

S05. i 

S.# + 20.# 
S.# + 2HO.# 
Son 2Ho0.# 
2H,0 + 2¢ 
3/x Sy + 37 


to those given in Section 6.8.2. 


Assume surface reaction step (4) to be rate determining, then 


etuecs Ta iN, where subscripts refer to the reaction step numbers 
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in the above reaction scheme with the negative sign on the subscript 


numbers to indicate the reverse reaction term. The other reaction 


steps are assumed to be in equilibrium and thus 
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- pl/x 


Now the total number of active sites # are assumed to be constant L 


Therefore 
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Substitute equations (H.1) to (H.7) into (H.8) 


Lio hex 
+ K.P +) KKK pe a/P 
Ho9 Z 50, 312a/ SO, Sy 


oy 
it 


F L/(1 + KP 


1/2x 1/2 Ve 
t cy P50 Ker, S KEK ik, + ie ss Pu ,0/Ke ) 


z 1/x yee 
ea AG Ger: aides + orcas + bP : + Pale + PsP s0,/Psx 


1/2x 1/2 
+ b-P eine Beaty Aa ) 
6 Sy H,0 Hos 


L/Y (H.9) 


The rate equation can be written as 
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3 . 1/xy3 
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1H s*2k3 
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Since the reverse reaction was negligible in the present research, 


the rate expression becomes 


: Ms y? 


which is the model HS4 in Table 6-7. 


H.2 Reaction Mechanism Involving Adsorbed Hos Reacting with 


Surface "Oxygen" and Hydroxyl Groups 


(1) 2H, S + 2# ——. 2HoS.# 

(2) SO, + # = S0,.# 

(3) S0,.# + 2# => S.#+ 20.# 
(4) HoS.# + 2HO.# —— 2H,0.# + S.# 
(5) H 95+ it + 0.# ees! Ho0.# 5S 7 
(6) Ho0.# + 0.7 = enO.# 

(7) 2H,0.# — 2H,0 + 2# 


(8) 3S.#4 = 3# + 3/x Sy 
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Again the notations are identical to those given in Section 6.8.2. 
Assume surface reaction step (5) to be rate determining, the rate 


expression can be written as 


“Ths = ~2hcq 


2 
="ke€ C - k -C (H.11) 


Be H50.4°S.# 


Thoe other steps are assumed to be in equilibrium and can be expressed 


in terms of equilibrium constants. 


Mi Hoare “Rear e (H.12) 
Rb SOs if) SOyuF (H.13) 
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Ky = F s0-#S.# f a 5. #°OH.# (H.15) 
a 4 #/ SH 0.40.4 (H.16) 
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Thoe total number of active sites # are assumed to be constant L. 


Therefore 
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Substitute equations (H.12) to (H.20) into equation (H.11), the rate 


expression becomes 
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Since the reverse reaction was found to be negligible, the final rate 


expression can be written as 
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which is the model DOH5 in Table 6-8 
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I. DATA REDUCTION 


The ideal gas law is inherent in the data reduction 
calculation procedure and the validity of its use has been verified 
by McGregor [84] whose experimental conditions were similar to those 
in the present work. The kinetic run No. TICAl (Table I-2) was 
chosen to demonstrate how the rate data was obtained by the data 
reduction procedure. The measured data of this kinetic run is 


Summarized as follows 


GC Area Ratio 
0.99 


IR Absorbance of S0, at 1357.8 cm” 


A, = 0.683 
Room Temperature = 22°C 
Reactor Temperature = 200° C 
Atmospheric Pressure = 703 mm Hg 
Reactor Pressure = 806 mm Hg 
Nitrogen Flow Rate = 99.38 ml/min 
Catalyst Weight = 0.1036 g 
= 17.64 % 


Conversion of S0, 


Molecular volume of N, at standard condition = 22.4 1/g-mol 
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By applying the GC calibration results in Appendix A to the measured 


GC area ratio, the following molar ratio's are obtained 


Mes! N3 0.022) | (1.1) 


/M = 050190 (1.2) 


M 
S05 No 


By applying IR calibration result to the measured absorbance with 


with temperature correction 


273 + 200 
Pog. aneteedr el G8 x a a Gain 
2 373 
14.76 
Py in feed = ——— = 776.8 mm Hg. 
2 0.019 
P in feed = 776.8 x 0.0221 = 17.13 


Poo, in reactor = 14.76 (1 - 0.1764) = 12.16 mm Hg. 
2 


in reactor = 17.13 - 2(14.76 x 0.1764) = 11.92 mm Hg. 


yg in reactor = 2 x 14.76 x 0.1764 = 5.21 mm Hg. 


By assuming equilibrium distribution among various sulfur species 


Po calculated = 0.99 mm Hg. 


X 


2s a = é = 775.7 Hg. 
PN = PReactor Pus AS PH0 ir ee 
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Moles of various component in feed. 


Wa) 273-16 

Wy oe Sheed oe eee 
2 760 295.16 22400 

= 3.7978 x 10°> g-mol/min 

My ¢ = 3.7978 x 0.0221 = 8.397 x 107° g-mol/min. 
2 

Mey = 3.7978 x 0.019 = 7.238 x 10°? g-mol/min. 
2 


Reaction rate of SO, 


5 


7.238 x 10 ~ x 0.1764 


-V 
SO, 0.1036 x 60 


0.2054 x 107° 


g-mol/g-catalyst sec. 


Other kinetic data obtained by same method of calculation are 


summarized in Tables I-1 and I-2. 
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